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Preface 


Operational amplifiers have become one of the most popular electronic 
devices in use today. They are versatile, easy to use, and have many applica- 
tions. This Handbook takes advantage of the easily systematized nature of 
op amp design. In a clear, step-by-step way, it provides engineers, tech- 
nicians, and scientists with time- and work-saving procedures for designing 
or analyzing a circuit using op amps. The Handbook thus eliminates the 
need for time-consuming searches through the available literature to leam 
which equations are applicable to a particular circuit. 

To help designers quickly determine which equations are applicable to 
their particular needs, the Handbook presents all such equations in quick- 
reference tabular form. This kind of simplified format makes the Handbook 
easily used by technicians as well as engineers and scientists. 

The Handbook of Operational Amplifier Circuit Design provides con- 
cise, easy-to-follow information and procedures that include such labor- 
saving design aids as: 

1. A basic introduction to op amps for those new to the field (chapter 1). 

2. The two fundamental rules needed to design op amp circuits (chap- 
ter 2). 

3. A comprehensive list of op amp error sources and methods by which 
they can be minimized (chapter 2). 

4. A method of designing an amplifier with any required frequency 
response (chapter 2). 

5. A detailed description of commonly used frequency compensation 
circuits and their effect on loop gain, phase margin, and gain margin (chap- 
ter 3). 

6. A listing of the seven major causes of op amp instability, and remedies 
for this problem (chapter 3). 

7. Design information on 68 op amp circuits (chapters 4 through 27). 
A list of design equations is provided for each circuit. The exact meaning 
and applicability of each equation is also given. 

8. A parameter list accompanying each set of design equations, which 
carefully explains what each parameter or component is and what it does to 
circuit performance. 

9. A comprehensive design procedure for one or two circuits in each of 
the design chapters (chapters 4 through 27). Each design procedure shows a 
recommended set of design steps that can be used to quickly construct a 
working model of the circuit. 


xiii 
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10. A detailed numerical example for each circuit for which a design 
procedure is given. This example clearly shows how the design steps are 
carried out. 

11. Six appendixes covering op amp parameters, maximum ratings, cir- 
cuit fabrication techniques, notation used in the handbook, decibel calcula- 
tion hints, and a comprehensive table of RC transfer functions. 

The author wishes to acknowledge the ever-helpful support of his wife, 
Mildred, who painstakingly typed the entire manuscript. The author and 
editor also wish to thank Analog Devices, Inc., Fairchild Semiconductor 
Corp., National Semiconductor Corp., and Teledyne Philbric for allowing us 
_ to use some of their material. 


David F. Stout 
Milton Kaufman 
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Chapter 1 


Introduction to 
Operational Amplifiers 


1.1 OVERVIEW OF OPERATIONAL 
AMPLIFIERS 


The operational amplifier is a direct-coupled high-gain amplifier which uses 
feedback to control its performance characteristics. Internally, it consists 
of several series-connected transistor amplifiers. Externally, it is represented 
by the symbol shown in Fig. 1.1. The operational amplifier (op amp) is 
widely popular with analog-circuit designers because of its nearly ideal 
characteristics. 

The op amp is capable of amplifying, controlling, or generating any sinus- 
oidal or nonsinusoidal waveform over frequencies from dc to many mega- 
hertz. All classical computational functions are possible such as addition, 
subtraction, multiplication, division, integration, and differentiation. It is 
useful for innumerable applications in control systems, regulating systems, 
signal processing, instrumentation, and analog computation. 

Functionally, as shown in Fig. 1.1, the op amp contains one output terminal 
which is controlled by two input terminals. Ifa positive voltage is applied 
to the positive (+) input, the op amp output will go positive. Likewise, a 
positive voltage on the negative (—) input will cause the output to go negative. 
A simplified model of the op amp is shown in Fig. 1.2. It indicates that an 
op amp can be represented by a voltage source which is controlled by two 
“floating” terminals. The op amp has high voltage gain for differential 


(+) 
Vp 


Ay (vp- Vn) 


Vn 
Fig. 1.1 Standard op Fig. 1.2 Alternate symbol for an op 
amp symbol. amp. 
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signals effective between the two inputs. The op amp also has very low gain 
for signals applied to both inputs simultaneously. These are called common- 
mode input signals. 

The two inputs are labeled positive and negative or noninverting and in- 
verting. The positive input is in phase with the output, and the negative 
input is 180° out of phase with the output. If we connect two resistors to 
the op amp as shown in Fig. 1.3, we have the basic noninverting amplifier 
circuit. The circuit gain from v; to v, is determined only by the resistors 
R, and R,. If we replace R,; by a short circuit and remove R,, we have a very 
popular circuit known as the voltage follower. It has a gain of exactly 1. 
The basic inverting amplifier is shown in Fig. 1.4. Again, its gain is deter- 
mined only by R, and R,. 


Fig. 1.3 Noninverting ampli- Fig.1.4 Inverting amplifier. 
fier. 


Both inputs to the op amp can be used simultaneously for differential- 
amplifier circuits, as shown in Fig. 1.5. The output voltage is proportional 
to the difference in the voltages applied to the two inputs. The constant of 
proportionality depends only on the size of the R, and R, resistors. 

The operational amplifier is most 
Ry versatile in simulating mathematical 
functions. Figure 1.6 shows a cir- 
cuit which produces the sum of the 
inputs. Figure 1.7 produces an out- 
put voltage which is _ proportional 
to the integral of the input voltage. 
(This is an _ integrator.) Likewise, 
Fig. 1.8 produces an output voltage 
which is proportional to the deriva- 
tive of the input voltage. (This is 
a differentiator. ) 

Op amps can be used to convert volt- 
age to voltage, as in Figs. 1.3 and 1.4, or 
voltage to current, as in Fig. 1.9, or 
current to voltage, as in Fig. 1.10, or 
current to current, as in Fig. 1.11. 

This chapter is intended primarily for readers who are only slightly familiar 
with the op amp. Topics covered will be a comparison of ideal and real op 
amps, applications of op amps, calculations with basic circuits, and gain/phase 
plots over frequency, 


Fig. 1.5 Differential amplifier. 
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THE OP AMP MODEL The operational amplifier model shown in Fig. 1.1 is 
the normal symbol seen in simplified schematics. More detailed schematics 
show more terminals on the op amp, as shown in Fig. 1.12. Some op amps 
require most of these extra terminals, while some require only the addition 


of power-supply terminals. 


Fig. 1.6 Summing circuit. 


The op amp triangle symbol points in the direction of increasing signal 
level. The main output terminal is at one comer of the triangle. Sometimes 
a lower-power-level output is available and is shown next to the main output 
terminal. The inputs are always on the side opposite the output terminal. 
The other two sides of the triangle are for all the remaining terminals. 


Re 
R, C, 
V: 
Vv. 
e) Vv 


Fig. 1.7. Integrator. Fig. 1.8 Differentiator. 


Fig. 1.10 Current-to-voltage converter. 


Fig. 1.9 Voltage-to-current converter. 
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PARAMETERS OF THE IDEAL OP AMP An op amp will perform most satisfac- 
torily in the circuits described in this book if it has the following ideal 
properties (see Sec. 1.3 and Chap. 2 for a discussion of each parameter): 

. Differential voltage gain = ~. 

. Common-mode voltage gain = 0. 

. Bandwidth = . 

. Input impedance = ~. 

Output impedance = 0. 

Output voltage= 0 when input voltage = 0. 

. Parameter drift with temperature = 0. 

. Equivalent input noise = 0. 

None of these ideal parameters are achieved by any operational amplifier, 
nor will they ever be achieved. Manufacturers of op amps are continually 
improving their products, and some of these parameters are now so close to 
the ideal that the difference is hardly discernible. It would not be worth- 
while to tabulate the state of the art, since improvements in op amp tech- 
nology are reported in the literature every day. 


WONKA WN 


Fig. 1.11 Current-to-current converter. 


When selecting an op amp for a specific application, the designer usually 
will be looking for optimum performance of two or three parameters. After 
an op amp with the best possible values for these parameters is found, it is 
often discovered that many of the other parameters are much less than 
optimum. This is the trade-off that every designer must go through during 


Frequency 
compensation 


ae ON 


Low-level output 
High-level output 


Inputs 


Power Offset 
adjustment 


Fig. 1.12 Symbol showing some of the possible terminals found on different types of 
op amps. 
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the design phase of a circuit. It is not possible to find an op amp which has 
state-of-the-art performance of every parameter. For example, low-noise op 
amps are not usually wide-bandwidth devices. Likewise, wide-bandwidth 
op amps may not have a very high input impedance. 


1.2 APPLICATIONS OF OP AMPS 


Op amps can be used in nearly every area of linear and nonlinear electronics 
and also in a few digital applications. 


LINEAR AMPLIFIERS The primary use of op amps is for linear amplifiers 
where highly stable gain is the main requirement. The high gain of the op 
amp combined with heavy feedback results in amplification which is almost 
independent of temperature, time, and op amp gain changes. For example, 
assume an op amp has a gain of 10° and feedback is used to reduce the circuit 
gain to 10. The ratio of op amp gain to circuit gain is 10°/10 = 10*. Factors 
which affect the op amp gain will have 104 times less effect on the circuit gain. 
If the op amp gain changes from 10° to 2 x 10° (a 100 percent change), the 
circuit gain will change 100%/104=0.01%. This is the major benefit of high- 
gain op amps. The circuit can also be designed so that gain is traded for gain 
stability. If higher gains are desired, one automatically gets less stability. 

In addition to stability, the heavy feedback mentioned above has several 
other benefits. Nonlinearity is reduced, bandwidth is increased, input and 
output impedances are changed, and the op amp can be replaced without 
affecting circuit gain. 

Linear amplifiers using op amps can be constructed with either positive 
or negative gain. The magnitude of gain can range from less than one to 
several million, the upper limit depending on the particular op amp used. 
As mentioned above, however, the very high gain circuit will have poor 
gain stability and its bandwidth will be very narrow. 


NONLINEAR AMPLIFIERS Many types of nonlinear amplifiers are possible 
using op amps. One of the most common is an op amp circuit which precisely 
amplifies signals of one polarity but not the other. This is known as a pre- 
cision rectifier. Several variations of this basic circuit are possible, such as 
rectification in either direction. Adding a capacitor in one arrangement 
makes the circuit a filtered precision rectifier. Slight rearrangements of 
the diode and capacitor change the circuit to a peak detector, peak-to-peak 
detector, or average-value detector. Another slight modification turns this 
circuit into an absolute-value amplifier (full-wave rectifier). 


COMPARATORS The op amp is a natural choice for a comparator owing to 
its high gain. The output terminal changes from plus saturation to minus 
saturation, or vice versa, with a millivolt or less change across the input 
terminals. By definition, this is a zero cross detector: the output changes 
polarity whenever the input passes through zero voltage. With a small bias 
on one input or the other, the circuit becomes a level detector. In this case 
the output changes state only when the signal input passes through the value 
of the bias on the other input. 

Comparators have other more complex capabilities such as double-ended 
level detectors, level detectors with prescribed hysteresis, window detectors, 
and pulse-height analyzers. Most types of analog-to-digital converters 
require a comparator. This is such a widely required device that many 
specialized op amps are simply called comparators on the data sheet. 
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FILTERS Filter design has been revolutionized (and revitalized) because of 
the operational amplifier. One of the disadvantages of conventional filter 
design was its reliance on inductors. A simple op amp circuit is able to 
behave as a very stable, highly linear inductor. Modern filters, accordingly, 
use resistors, capacitors, and op amps as long as the application is within 
the frequency limitations of the op amps. These simulated inductors do not 
have all the disadvantages of real inductors: nonlinearity, hysteresis, core 
loss, radiation, unwanted coupling, large size, and difficult fabrication. 

All the popular filter types are realizable with op amp filters (usually called 
active filters). A few of these types include: 

Low-pass filters 

High-pass filters 

Bandpass filters 

Bandstop filters 
The ripple, phase, and rolloff of these filters can be tightly controlled with 
Chebyshev, Butterworth, or Bessel characteristics. Any combination of these 
classical characteristics is also possible with active filters. 

Several other important advantages are offered by active filters. First, 
their output impedance (for most configurations) is less than 1 0. This re- 
lieves the designer of the task of impedance matching. The input impedance 
of active filters is usually fairly high; so impedance matching is not required 
there either. Second, active filters can be designed to provide gain and/or 
supply large amounts of power. 

Passive RLC filters require impedance matching at both the input and out- 
put and have less than unity gain at all frequencies. They can supply large 
amounts of power by appropriate choice of components. However, they 
cannot provide power gain as is possible with active filters. 


LOGARITHMIC APPLICATIONS If nonlinear elements (diodes or transistors) are 
used in the feedback circuit, a host of logarithmic circuits are possible. 
The basic circuit provides an output voltage proportional to the logarithm of 
the input voltage. Either dc or ac signals can be converted in this manner. 
A simple part rearrangement turns the circuit into an antilog circuit. 

Log and antilog circuits are sometimes known as compressors and expand- 
ers, respectively, when utilized for audio and video signals. By use of 
appropriate combinations of log and antilog circuits, the following types 
of functions are possible: 

Multiplier 
Divider 
Squaring circuit 
Y = X*" circuit 
Square-root circuit 
Square root of the sum of squares 
All these functions can be performed on either ac or de signals. 


MULTIVIBRATORS All three basic types of multivibrators are possible with 
the op amp. These basic types are the bistable (flip-flop), monostable (one- 
shot or single-shot), and the astable (rectangular-waveform generator) multi- 
vibrators. It is true that these are really digital functions and are much easier 
to build using digital microcircuits. However, more flexibility is offered with 
the op amp approach. For example, most digital microcircuits operate be- 
tween specific voltages such as +5 and ground or —10 and ground. The 
maximum power level of these devices is also restricted. A multivibrator 
built with an op amp can operate between a wide range of minimum voltages 
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(such as —20 to zero) and a wide range of maximum voltages (such as zero to 
+20 V). Thus, a multivibrator with a 40-V (+20-V) pulse output or a 1-V 
output could be designed. The power level could be increased to any de- 


sired level by inserting buffer transistors after the op amp but inside the 
feedback loop. 


OSCILLATORS-GENERATORS Waveforms of many shapes, sizes, and frequen- 
cies are realizable using op amps. Sine-wave oscillators are implemented 
by using phase-shift feedback, inductor-capacitor feedback, or twin-tee feed- 
back. The oscillator frequency and/or amplitude can be voltage-controlled. 
Negative feedback can be simultaneously incorporated to provide a highly 
stable output amplitude. Two- or three-phase circuits are commonly seen. 
Frequency stability can be assured by utilizing a quartz crystal or tuning 
fork. 

Waveform generators have been designed which provide all the commonly 
required waveshapes. Rectangular shapes with either fixed or independ- 
ently adjustable width and period adjustments are possible. Sawtooth 
generators with either fixed or independently adjustable rise and fall times 
are also commonly seen. The same comments can be made regarding 
triangle generators, which are merely a special class of sawtooth generators. 
Staircase generators can also be implemented with an op amp and several 
other parts. The step size, step period, and reset time can all be made 
independently adjustable. 

Any of the adjustable parameters discussed above can be performed with 
voltage control. The op amp makes voltage control of parameters much 
easier than is possible using discrete parts. 


REGULATORS Tight control of some parameter such as voltage, current, or 
temperature is easily performed using the op amp as a comparator. The op 
amp is such a useful device for voltage regulation that a whole class of 
specialized op amps has been developed for this application. These are 
commonly called monolithic voltage regulators. Since it is beyond the 
scope of this book to discuss special offshoots of the op amp device, we will 
discuss only how regulators are implemented using standard op amps. The 
monolithic voltage regulators utilize the same theory and electronic parts 
as regulators using op amps and discrete parts. However, monolithic regula- 
tors place most of the other electronic parts on the same monolithic chip 
as the op amp. 
Voltage regulators of the following types can be designed around the 
ordinary op amp: 
Series pass regulation 
Shunt regulation 
Positive output 
Negative output 
Switching 
Foldback 
Current-limited 
Floating 
High voltage 
Precision 

Other specialized voltage regulators are also possible. 

Current regulators can be designed to handle many specialized applica- 
tions. They are often seen supplying current to floating loads, grounded 
loads, or even active complex loads. 
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SAMPLING CIRCUITS In this age of computerized control of analog processes, 
sampling circuits are indispensable. We will present design information 
on a number of sampling circuits such as precision analog gates, sample-and- 
hold circuits, and analog-to-digital converters. The sampling portion of these 
circuits requires one or two field-effect transistors in conjunction with an op 
amp. Analog-to-digital converters often require two or three op amps. 


1.3. THE REAL OP AMP 


OP AMP PACKAGING The operational amplifier is available in many shapes 
and sizes. The designer’s choice of shape and size depends on packaging 
and performance requirements. In general, the larger op amps have the best 
performance. The small units, such as those shown in Figs. 1.13 to 1.15, 
usually contain a single monolithic chip. The larger packages, such as that 
shown in Fig. 1.16, contain a printed circuit with discrete parts. Each part 
can be optimally selected to produce op amps in which some of the param- 
eters are nearly ideal. 


0.335 
0.305 
dia > 
ofes 0.040 max 
0.165 
0.500 Insulator 0.50 max 


YU | i s-aigand oc dio 


45° equally 
spaced 


Fig. 1.13 The TO-99 op amp package. (National Semiconductor Corp.) 


Many hybrid-microcircuit op amps are also available in relatively small 
packages. The package sometimes used is similar to Fig. 1.13. Hybrid op 
amps have many of the advantages of discrete op amps, but their package size 
is close to that of the monolithic devices. It is not nearly as easy to select 
resistors and transistors in a hybrid op amp as it is in a discrete op amp. How- 
ever, if one is willing to pay the cost, hybrid op amps with discrete op amp 
performance can be obtained. 


THE REAL OP AMP 1-9 


PARAMETERS OF REAL OP AMPS Now that we have discussed both op amp 
packaging and the ideal op amp parameters (Sec. 1.1), we will discuss the 
relationship between packaging and real parameters. It should become 
obvious that larger op amps usually have better parameters. We will also 
briefly explain the meaning of each parameter. 

Voltage gain This parameter is often called open-loop gain and is specified 
at dc. It is defined as the ratio of an output-voltage change to an input- 


0.310 
+0.005 | 0.030 
16.030 0.130 
f +0.002 
0.065 
0.020 
0.125 (min) 
+ 0.010 0.040 typ 
+0.001 
0.325 
+0.025 


Fig. 1.14 Several types of dual in-line packages commonly used for op amps. (Na- 


tional Semiconductor Corp.) 
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voltage change. One should not judge the quality of an op amp with this 
parameter, since it is an easy matter to cascade transistors to obtain large 
amounts of voltage gain. Throughout the text we will call it A,,.. The value 
of A,, may be only 1,000 for some wide-bandwidth devices, or A,, might have 
a maximum over one hundred million for chopper-stabilized op amps. 

A, is the differential voltage gain at dc, that is, the ratio of output voltage 
to the voltage between the two input terminals. The gain from both inputs 
(tied together) to the output is called common-mode voltage gain Acgmo. 
Acmo is usually thousands of times smaller than A,,. 


“0.070 max 
0.024 typ 


10 pin flat package 


1.000 typ 
0.260 0.250 
hy max | Y y min 
urna Week Kooea4 
0.006 typ 


max 


14 pin flat package 


Fig. 1.15 For high-density packaging the op amp may be put inside a flat pack. 


Bandwidth The bandwidth of a device can be defined in several ways. The 
three methods commonly seen on op amp data sheets are: 

1. Unity-Gain Crossover Frequency. This is obviously the frequency 

at which the voltage gain passes through a gain of 1 (0 db). We will call this 

frequency f, throughout the text. Values of f, from 1 kHz to 100 MHz are 


ANALOG 
DEVICES 


4tJ 


Fig. 1.16 The highest-quality op amps utilize discrete parts and are placed in packages 
as shown above. (Analog Devices.) 
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available. The typical value for monolithic op amps is in the range of 0.5 
to 5 MHz. Special-purpose discrete-component op amps such as electro- 
meters sometimes have very low bandwidths, or special wide-bandwidth 
devices may have an f, of 100 MHz. 

2. Unity-Gain Risetime. Often the op amp is connected as a unity-gain 
noninverting circuit and its small-signal risetime t, is measured. The band- 
width is then computed from BW = 0.35/t,.. This bandwidth will be quite 
close to the f,, defined above. 

3. Full-Power Bandwidth. This bandwidth is usually 10 to 100 times 
lower in frequency than f,. It is defined as the maximum frequency at 
which a full-sized undistorted sine wave can be observed at the op amp 
output. Ifthe op amp is using +15-V supplies, a full output is approximately 
+10 V. Monolithic op amps do not have full-power bandwidth beyond 0.5 
MHz, while discrete-part op amps may extend up to 10 MHz. 

Slew rate This parameter is related to full-power bandwidth. When an 
op amp is overdriven with a high-frequency sine wave, the output appears 
to be a triangular waveform. The slope of this triangular-output waveform 
is the slew rate. It is expressed in volts per microsecond. The best mono- 
lithic op amps have slew rates of 100 V/s, while the typical is 1 V/us. Dis- 
crete-part op amps can be optimized for this parameter and achieve over 
1,000 V/s slew rates. 

Input resistance This parameter is defined as either differential input re- 
sistance Rig (between the two input terminals) or common-mode input 
resistance R;, (from either input terminal to the negative power-supply 
terminal). In monolithic op amps Rjg ranges from several hundred kilohms 
to several megohms. R,, is not specified very often, but it is often 10° Q or 
more. Some monolithic op amps have FET input transistors diffused on the 
same chip. The input resistance may approach 10! Q in these devices. 
Discrete-part op amps with FET input transistors may possess an R;q and/or 
Hora (0. 

Input bias current This parameter, called I,, is the average value of the two 
op amp input currents. Ideally, this current should be zero so that the 
input and feedback circuitry will not be disturbed. In monolithic op amps 
this current ranges from 1 nA to 1 wA. FET input monolithic op amps re- 
quire slightly less than 1 nA. Good discrete-part op amps require less than 
1 pA input bias current. 

Input offset current The currents going into the two op amp inputs are al- 
ways slightly different. The difference between these two currents I;, is 
defined as the input offset current. This current should also be zero in the 
ideal case. Monolithic op amps have input offset currents ranging from less 
than 1 to several hundred nanoamperes. Discrete-part op amps are better, 
being much less than | pA. 

Input offset voltage The voltage required across the op amp inputs to drive 
the output to zero is called the input offset voltage V;,. In monolithic op 
amps this parameter is often quite high if the input bias current is low. It 
usually ranges from 1 to 100 mV. Discrete-part op amps can be designed so 
that both types of offsets are somewhat optimized. Quite often, however, 
producers of op amps do not specify input offset voltage, since it can be 
nulled out using offset-adjustment terminals. Rather, they specify the tem- 
perature coefficient of the offset voltage. Discrete-part op amps may possess 
offset-voltage temperature coefficients of only 0.1 wV/°C. The best mono- 
lithic op amp is around 1 wV/°C, and most of these devices are up around 
Pio 105 V/ °C: 
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1.4 OP AMPS COMPARED 
WITH TRANSISTORS 


In this section we will take a look at the advantages and disadvantages of 
op amps compared with transistors. This comparison may be used as a 
foundation for expanding one’s design capabilities from transistors into the 
area of op amps. The same type of transition was required by many circuit 
designers when the electronic industry started changing from vacuum tubes 
to transistors. In that case, the transition was difficult, since vacuum tubes 
are easier to understand than transistors. The transition from transistors 
to op amps is different. Here we are changing from a device which has many 
design difficulties to a device which is relatively easy to use. Even though 
the op amp contains from 10 to 100 transistors inside its envelope, it is 
probably the easiest electronic device with which one may perform a “cook- 
book” circuit design. 


GAIN Transistors provide voltage gain from zero to 100, depending on 
the circuit and the input and output terminals used. Op amps can provide 
voltage gain from zero to over one million, depending on the circuit arrange- 
ment and type of op amp used. These are the voltage gains at dc. 


FREQUENCY RESPONSE Individual transistors can be obtained which have 
little degradation of gain (—3-dB) at frequencies up to 5 or 10 GHz. The 
—3-dB frequencies for op amps are in the 1-Hz to 10-kHz range. However, 
op amps usually operate with such large amounts of feedback that the effec- 
tive —3-dB frequency may be over 10 Mhz. 


INPUT IMPEDANCE The input resistance of a FET input op amp may be as 
high as 10!3 ©. The typical value is over 1 MQ for bipolar monolithic op 
amps. The input capacitance is typically 3 pF. Bipolar transistors have 
input resistances of only a few thousand ohms. FET transistors, however, 
have input resistances comparable with FET input op amps. The input 
capacitances of transistors may be only 1 pF or less for small-geometry 
devices. 


OUTPUT RESISTANCE ‘The output resistance of most op amps is 100 2 or less. 
When feedback is incorporated, this output resistance may be reduced to 
below 1Q. This is an almost ideal situation. Transistors, on the other hand, 
have output resistances of thousands or tens of thousands of ohms. Since 
their gain is not too high, the output resistance cannot be lowered more than 
a few octaves when feedback is incorporated. A high output resistance 
is one undesirable characteristic of transistors. 


1.5 BASIC OP AMP CIRCUITS 


Two simple op amp circuits which have wide usage will be discussed in 
this section. These are called the basic inverting and noninverting op amp 
_ circuits. Many of the more complex circuits in this handbook are merely 
extensions of these two basic circuits. 


BASIC INVERTING OP AMP CIRCUIT Figure 1.17 shows the basic inverting op 
amp circuit. The voltage gain at dc and low frequencies is called A,,,._ This 
is equal to 
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Aveo = = (1.1) 
The circuit voltage gain as a function of frequency is called A,,. Since Ry 
and R, represent resistances, the amplifier gain is somewhat independent 
of frequency, as shown in Fig. 1.18. At higher frequencies, where the 
op amp gain has fallen off to the point where it equals A,,,, the circuit gain 
falls off at the same rate. 


Fig. 1.17 Basic inverting op amp circuit. The voltage gain is v,/v; =—R,/R,. 


If R; and R, become two impedances Z; and Z,, the ratio Z,/Z, may be a 
function of frequency. Simple filters may be constructed by using appro- 
priate reactive components for Z,; and Z,. For instance, if Z, is a capacitor 
(Z, = 1/727 fC) and Z, is a resistor (Z,= R), 
Zp TS. | 
The circuit gain therefore increases with frequency until the op amp gain 


is reached. Then the circuit gain will fall with frequency at the same rate 
the op amp gain falls with frequency. 


An=— —j2rfRC 


Avo 
Op amp open-loop voltage 
gain (Av) 

: —- 
© 
m 
o Circuit closed-loop 
= voltage gain ( Avc) 
8 se 

Avco 


Frequency 


Fig. 1.18 Open-loop gain of op amp shown in Fig. 1.17 and the closed-loop gain after 
the resistors R, and R, are added. 
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The circuit of Fig. 1.17 has an input impedance of Z, (or R,). The output 
impedance is very small, usually less than 1 2. 


BASIC NONINVERTING OP AMP CIRCUIT If we apply the input voltage v, to 
the positive op amp input as shown in Fig. 1.19, we have a noninverting 
amplifier. Negative feedback is still required, however, to stabilize the 
circuit and to set the gain. For this 
circuit the closed-loop voltage gain at 
dc and low frequencies is 


le Dy 
a L+ (122) 


Aizco a 
Note that no minus sign is used. If 
impedances are used instead of resist- 
ances, the closed-loop gain as a function 
of frequency is 


D) Zz 
Ay=—=14+> (1.3) 

Uv; iL 
Fig. 1.19 Basic noninverting op amp Zs and Z, may be either linear or non- 
circuit. linear. The above equation holds true 


no matter how nonlinear they become. 

The input impedance of a noninverting op amp circuit is very high— 

approximately equal to the op amp input impedance times the ratio A,/A,,. 
The output impedance is very low, usually below 1 2. 


1.6 REAL AND IDEAL OP AMPS COMPARED 


We will now explore what happens to the closed-loop gain [Eqs. (1.1) to 
(1.3)] when real op amp parameters are incorporated. 


FINITE OPEN-LOOP GAIN The relationship between A, (open-loop gain) and 
Ave (closed-loop gain) is | 
—ZI1Zy 


A,-(inverting) = 1+ I/A, + Z/A,Z, (1.4) 


ia A 
(eae wA 


The numerators of both above equations are simply the ideal closed-loop 
gains. The degradation to the ideal closed-loop gains comes about from the 
terms in the denominator. Ideally, the term A,=«. This means that 1/A,= 
0 and Z,/A,Z,; =0. The denominator then becomes 1 + 0 + 0, and the effect 
of the open-loop gain vanishes. 

If A, # ~, the effect of A, on closed-loop gain A,. becomes larger as A, 
becomes smaller. We will first examine the significance of this statement for 
the dc case (using A,, and A,,,). Later we will examine the ac case (using 
A, and A,,). As a specific example, assume Z,/Z, = 100 and A,, = 1,000. 
Equation (1.4) becomes 


and A,-(noninverting) = 


(1.5) 


Ayeo(inverting) = Be ae 
veo 8’ ~ 1+ 1/1,000 + 100/1,000 
Uy Ge 


THO! 
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This indicates a 9.2 percent reduction of dc gain from the 100 desired. It 

also means (and this is probably more important) that a 100 percent change 

in A, will result in a change in A,., of approximately 9 percent. The exact 

change is determined by using Eq. (1.4) twice, once for each value of Ayp. 
If A,, is increased to 10,000, A,,, is only reduced to 


—100 a 
1 + 1/10,000 + 100/10,000 — 


Thus the gain error is only 1 percent if the op amp has a gain of 10,000. By 
similar calculations we find that if the required A,,, is only 10 and A,, is still 
10,000, the error is reduced to 0.1 percent. We conclude that the gain error 
depends on the ratio of open- to closed-loop gains. Table 1.1 summarizes 
this conclusion. 


Aves = —99.00 


TABLE 1.1 Gain Error at DC Caused 
by Finite Open-Loop DC Gain 


AslAce % gain error (dc) 

] —50 

10 —9 

10? —] 

108 —0.1 

10? —10~ 

10° —10-3 

10° —10~4 


We can also make a table of gain errors for the ac case. As shown in Figs. 
1.18 and 1.21, the op amp open-loop gain has a —90° phase shift over much 
of the usable range of frequencies. This causes a phase difference of 90° be- 
tween A, and A,, for these frequencies. As a result, the degradation of A,, by 
A, is much less than shown for the de case. Table 1.2 shows A,, reduction as 
a function of the ratio A,/A,,. We will explore the equations behind this table 
in Chap. 2. It applies only for the region between the first pole of A, and 
the first pole of A,, (i.e., from 10 to 10° Hz in Fig. 1.21). 


TABLE 1.2 AC Gain Error Caused 
by Finite Open-Loop AC Gain 


A,tA. % gain error (ac) 

1 —33 

10 —0.6 

10? —0.006 

10 —5x 10° 

104 —5x 1077 

10° —5 x 10° 

10° —5 x 1071! 


FINITE BANDWIDTH If the amplifier is required to handle ac signals also, the 
degradation of gain at various frequencies must be considered. Referring 
back to Fig. 1.18, we note that the ratio A,/A,, is the largest at low frequencies. 
The ratio gets progressively smaller until it equals 1 at the point where the 
A, and A,, curves intersect. The error when A,/A,, = 1 is —33 percent. This 
explains why the intersection of the two curves is not abrupt. Since the error 
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gets large very fast in the A,/A,, = 1 region, the A,, curve falls off and gradually 
blends in with the A, curve. 


FINITE INPUT RESISTANCE This parameter lowers the closed-loop gain slightly 
and also limits the high input impedance expected with the noninverting 
amplifier. The equation for reduction in closed-loop gain is similar to the 
equation for finite A,. For the following equations Rjq is the op amp dif- 
ferential input resistance (i.e., between the + and — input terminals) and 
R;. is the op amp common-mode input resistance (i.e., from either input 
terminal to the negative power-supply terminal). 


—R,/R, 


ih +e 1/A, aL R,/A,R, ae R,/A,Ria 25 RA, Ric ee) 


A,-(inverting) = 


and 


in 1+ RJR, ris 
(noninverting) = 774 + RAR, + RAAB Re 
Equations (1.6) and (1.7) are identical to Eqs. (1.4) and (1.5) except that the 
factor R,/A,Riq + R;/A,R;, has been added to the denominators. Ifthe three 
terms A,, Rig, and R;, are all very large, this entire factor is very small and 
does not affect gain. This is one case where one op amp parameter may help 
another. That is, if for some reason Rig is low but A, is very large, the net 
result is a large product A,Rjg. The above factor would then be negligible. 
It is a little more difficult to show a table indicating the percent effect on 
gain due to finite R;, and R;., since A, is also included. For purposes of 
illustration, assume R;,. > Rjq (as is usually the case). We can therefore drop 
R,/A,Ri- for this example. We may now make a table of percent error of A,, 
as a function of A, and Rjq. If A, is high and Rig is low, A,. will have little 
degradation. If both A, and Rjq are high, A,. will be essentially undisturbed. 
However, if both A, and Rig are low, severe degradation of A,, will occur. 
For simplicity, the accompanying table is computed only at dc, so A, is used 


Avs Ria. % gain error 


1 104 —92.3 

1 10° ae beg! 

1 108 oles 
10? 104 ae WURY: 
10? 10? "I-02 
10? 108 Sao fl 
104 104 = O12 
107 10° O07) 
104 108 — Ost 
10° 104 — 0.0012 
10° 10% 20:00 Li 
10° 108 — 0.0011 


NOTE: This table assumes R;= 10k, 
R,= 1kQ, andA,,, = 10. 


in place of A,. This table provides the interesting result that gain error is 
much more sensitive to A,, than it is to R;jg. Changes to Rig are only 0.01 to 
0.1 percent as influential on gain error as A,,. The error at frequencies above 
the first op amp pole must be computed with the 90° lag of A, considered. 


THE FEEDBACK EQUATION 1-17 


OUTPUT RESISTANCE > 0 The output resistance of an op amp affects the 
circuit output resistance, gain, and stability. We will save the stability 
discussion for Chap. 3. 

The heavy feedback usually incorporated in an op amp circuit makes the 
circuit output resistance effectively very low. Ifthe op amp output resistance 
is R,, the circuit output resistance is 


R, 
Rout a BA (1.8) 
R 
where B= R, rrr 


R, is commonly 100 2 or less. A,, is quite large in most op amps —typically 
5 x 104 to 10°. Therefore the circuit output resistance at dc may be less than 


— 100 
out 5 x 104 


(This result assumes B=0.1 and A,,=5 X 10°.) At high frequencies the 
situation is not so good. R, often goes up to several hundred ohms near unity 
open-loop gain. Thus A, is small and R, is large at the same time. At these 
frequencies R,y, may be nearly as large as R,. 

Many other nonideal op amp parameters could be listed here and their 
effects on circuit performance summarized. We will save these details for 
Chap. 2. The point to be emphasized here is: All parameters tabulated in an 
op amp data sheet should be carefully studied and their effects on circuit 
performance calculated. Compromises must often be resorted to in the 
design of many circuits because of the nonideal behavior of the op amp. The 
designer must continually refresh his approach so that the important param- 
eters are optimized and time is not wasted on attempts to optimize less 
important parameters. 


= 3% - 107 


1.7. THE FEEDBACK EQUATION 


The feedback equation, which is fundamental to all op amp circuit analysis 
and design, will be derived and explained in this section. This equation is 
of the form 


A, 
Ae (1.9) 
rear w 
for the noninverting circuit, and 
Ave = eenAy (1.10) 
for the inverting circuit, where 
as R, +R; 


as before. Some textbooks manipulate the algebra slightly and state these 
equations as 


alate 
Ae = 7 AACA + Ae (1.9A) 


for the noninverting circuit, and 
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Lap 
1+ 1/A,6 
for the inverting circuit, but the outcome is identical. [Note that Eqs. 


(1.9A) and (1.10A) are exactly the same as Eqs. (1.4) and (1.5), except B = 
R,/(R, + R,) is substituted. ] 


Equation (1.9) [or (1.9A)] is derived as follows: 
By inspection of Fig. 1.19, we get 


Aye = (1.10A) 


2 ay Riv, 
Oe me Rear, 


by using simple voltage-divider theory. Since the op amp has a voltage gain 
of A,, 


aeae 


v, =A,(v; — Vz) (1512) 
Substituting v, from Eq. (1.11) into Eq. (1.12), we get 
v, = A,(v; — Br) 
Solving this for A,,. = v,/v;, the final result becomes 
Vo AG 


A, —— 
vc U; 1+£, 


which is identical to Eq. (1.9). 

Equation (1.10) [or (1.10A)] is derived using Fig. 1.17. In this case, how- 
ever, v, is found by superimposing the voltage at v, caused by v; with the 
voltage at v, caused by v,. The voltage-divider action is opposite in these 
two cases. 

Ryv; R,v, 


Vercne he Wetete Bae 


Since v, is the only signal driving the op amp, 


0,=—A,0,r 
Rearranging this, we get 
=) 
0, = ag 


Substituting this result into Eq. (1.13), the composite formula is 
Vo —«#Ryv; Ryo 
Ay Higt he. Ry 


Rearranging terms and using the facts that 1 — 1/8 =—R,/R, and B = R,/(R, + 
R,), we get 


A Di a | See 1) 
cpp mele As 
This is identical to Eq. (1.10). 
The meaning and usage of the feedback equation can now be explained. 
We will begin with Eq. (1.9), since it is simpler than the others. It is re- 


peated here for convenience. 
Ay 
LictsBAs 


Aye = (1.9) 
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The term A, is usually much larger than 10%. The term 8 is usually in the 
range of 0.001 to 1. If the product BA, is very large, say 100 or more, the 1 in 
the denominator can be discarded and we get 


eee fag 
ae eB 
In the noninverting case the gain A,, is therefore 
1 R,+R R 
An===— See (ae Ee 
B R, R, 


The same comments apply to the inverting amplifier [eq. (1.10)]. If we 

drop the 1 in the denominator, 
pee pais cdots co SP 
a BA, B R, 

What do the above results mean? In Sec. 1.6 we showed that the difference 
between real and ideal closed-loop gain becomes very small as A, or Ayo 
becomes very large. Values of A, > > 1,000 A, 9 are required to keep the real 
de gain within 0.1 percent of the ideal de gain. A large A, or A, has many 
other benefits. For example, if A,. = 1,000 A, o, a 100 percent change in A,, 
will affect A,-o by only 100%/1,000 = 0.1%. Examination of any typical op 
amp data sheet shows that a 100 percent change in A,, is very likely. One 
must therefore be sure that A,, > Ayeo (and A, > Ay-) for all temperatures 
within which the op amp must perform. 


1.8 LARGE-SIGNAL BEHAVIOR OF OP AMPS 


Many applications of op amps require saturation in the positive or negative 
direction. A clear understanding of the basic nonlinear behavior of the op 
amp is a necessary prerequisite to any large-signal design using the saturation 
characteristics of the device. 

A typical input-output voltage-transfer function of an op amp is shown in 
Fig. 1.20. This particular op amp was operated with +15-V power supplies. 
The maximum +op amp output is usually several volts less than the power- 
supply voltages. Thus this device saturates at+13 V. These limits cannot 
be exceeded no matter how hard the inputs are driven (within the maximum 
input capability of the op amp, naturally). The output limits can be raised 
only by increasing the +power-supply voltages. These voltages, however, 
must not exceed the maximums stated on the data sheet or damage will result. 

The op amp of Fig. 1.20 is linear only over the vout = +10-V range. The 
open-loop gain A,, in this linear region can be computed from the transfer 
function. Since a +10-V output requires only a +0.1-mV input, the gain is 


; ee 
Pa A A ay 


= 100,000 


If a nonlinear application required the output to rise all the way up to 
+13 V,+0.3-mV input is required. The voltage gain in this case is 


gi Aves 2 wl8¥, 
NG tind «ILO AV 


Whenever operation is required in the saturation region, this reduction in 
gain must be recognized. 


= 43,000 
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Fig. 1.20 A typical input-output transfer function of an op amp. 
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Fig. 1.21 Gain and phase of atypical op amp. The output u, is relative to the positive 
input v,. The negative input is assumed to be grounded. A typical closed-loop gain 
curve (A,,,. = 10) is also shown. 
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1.9 OPEN-LOOP CHARACTERISTICS 
OF OP AMPS 


Whenever the op amp is used to amplify ac signals, the plot of open-loop 
frequency response as shown in Fig. 1.21 must be consulted. This plot pro- 
vides a wealth of information useful in dc, ac, and feedback analysis. The 
horizontal line on top of the plot is the dc gain of the op amp A,,. The 
—3-dB point (open-loop bandwidth) is that point where the gain is 3 dB below 
the horizontal line. Unity open-loop gain frequency f, is where the gain 
passes through zero dB(A, = 1). 


CALCULATIONS USING DECIBELS A review of operations using decibels (dB) 
will be useful at this point. We will be working with voltage (or sometimes 
current) ratios in this book, so the relationship to remember is 


dB = 20 log(—) 
1 


or dB = 20 log(=) 
1 


A table of dB vs. v,/v, (or is/i;) is given in Appendix V. The table is much 
easier to use than the equations above. For example, suppose an op amp has 
an open-loop gain at dc of 94.7 dB. What is the corresponding voltage ratio 
(v/v, = Vout/Vin)? We merely find a set of dB values which add up to 94.7 dB 
and record the corresponding voltage ratio for each as follows: 


dB Vo] 0, 
90 31,623 
4.0 1.5849 
0.7 1.0839 
94.7 Product = 31,623 x 1.5849 x 1.0839 


= 54,324.3 


The voltage ratio corresponding to 94.7 dB is the product of the 3 v,/v, ratios 
above. Thus 


94.7 dB = 54,324.3 V/V 


The table is used in the other direction as per the following example: 
Suppose we are told the gain (v,/v,) of a device is 39,450. How many dB is 
this? We begin by finding the largest v,/v,; which is less than 39,450, i.e., 
31,623, which is equal to 90 dB. Then we divide 39,450 by 31,623 to get 
1.2475 and look for the next ratio under this on the table. We find that 
1.1220, corresponding to 1.0 dB, is the next lower number. Again we divide 
1.2475 by 1.1220 to get 1.1119, which corresponds to approximately 0.9 dB. 
Now we add all the dB’s found above to get our answer: 


90 dB+ 1.0 dB+ 0.9 dB = 91.9 dB 
This is equivalent to 39,450. 


OP AMP OPEN-LOOP PHASE SHIFT A plot of the op amp open-loop phase is 
very valuable for feedback-stability calculations. We will explore this in 
detail in Chap. 3. Many op amp data sheets do not show phase plots, so we 
will describe how to make one using the open-loop gain plot. First, however, 
we will describe the meaning of the phase plot. 
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Referring back to Fig. 1.21, it is noted that the gain plot has two points 
where the slope of the plot becomes steeper (i.e., at 10 and 10° Hz). These 
points are called poles. At frequencies between the first pole (we will 
always count from the left to the right) and the second pole the slope is 
—20 dB/decade. This is equal to —6 dB/octave. At frequencies above the 
second pole the slope is —40 dB/decade (—12 dB/octave). One should learn 
to use both dB/decade and dB/octave, since literature on op amps use both 
methods. 

As shown in Fig. 1.22, each pole causes a 90° phase lag in the op amp gain. 
The 90° lag does not occur at the pole, but at frequencies above the pole. 
The phase lag due to a pole is 45° right at the frequency of the pole. The 
full 90° lag occurs at all frequencies greater than 10 times the pole frequency. 


EG Bode approximation 
N 


=366 —> 
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Fig. 1.22 Relationship between a pole and the phase shift it causes. 


A second pole causes another 90° phase lag. Figure 1.21 shows the shape 
of a phase plot for an op amp having two poles. 


GAIN AND PHASE OF A ZERO The function opposite to that of a pole is called a 
zero. A zero causes the gain to have a +20 dB/decade slope for all frequen- 
cies above the zero. A zero causes a+45° phase shift at the frequency of the 
zero and a +90° phase shift for all frequencies greater than 10 times the zero 
frequency. Figure 1.23 shows the relationship between the gain and phase 
of a zero. 


THE BODE APPROXIMATION When constructing gain and phase plots for some 
complex circuits, it becomes quite cumbersome to plot exact gain and phase. 
Many designers use the Bode-approximation method for constructing gain 


CLOSED-LOOP CHARACTERISTICS OF OP AMPS 1-23 


and phase for their “‘first-cut” design. After the design has progressed some- 
what, effort is (sometimes) put into constructing exact gain and phase plots. 

The Bode-approximation method uses the dashed lines of Figs. 1.22 and 
1.23. Note that all plots can be made with straight lines. The straight lines 
intersect at the pole or zero frequency in the gain plots. The straight lines 
intersect at 1/10 and 10 times the pole or zero frequency in the phase plots. 


+40 


Phase shift 


fo 2 10fo 


Frequency 


Fig. 1.23. Gain and phase of a zero. 


The straight lines on the gain plots always have a slope of 0, +20 dB/decade, 
+40 dB/decade, etc. The straight lines on the phase plot always have slopes 
of 0, +45°/decade, +90°/decade, etc. 


1.10 CLOSED-LOOP CHARACTERISTICS OF 
OP AMPS 


When feedback circuitry is connected from the op amp output to the input, a 
closed-loop circuit results. The closed-loop frequency characteristics are 
dramatically different from the open-loop characteristics. Figure 1.24 shows 
some of the possible ways the closed-loop frequency characteristics can be 
shaped. The first thing one notices is that all closed-loop curves fall within 
the open-loop curve. This is true of all op amp circuits which utilize passive 
feedback networks. 

The phase response of closed-loop op amp circuits is also much different 
from that of open-loop op amps. In all the closed-loop curves shown in Fig. 
1.24, each pole will produce a —90° phase shift and each zero will cause a 
+90° phase shift. Often there might be two poles or two zeros at one fre- 
quency. In these cases a —180° phase shift occurs for the double pole and 
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Fig. 1.24 Five possible classes of closed-loop frequency characteristics. Others are 
possible. 


+180° for the double zero. The full 180° phase shift takes effect over a 
2-decade frequency range, as did single poles and zeros. 


1.11 LOOP GAIN AND PHASE 


Loop gain is another parameter which is extensively used in op amp circuits. 
Its principal application is for feedback analysis, which we will explore in 
Chap. 3. Loop gain is merely the product of the op amp gain and the feed- 
back-network transfer function. This requires one passage around the loop— 
hence the name “loop gain.” 

It would be beneficial at this point to digress slightly and show in Table 1.3 
the types of gain discussed so far. This will help avoid confusing one type 
of gain with another. 

Briefly, the way loop gain is used in feedback analysis is as follows: (1) The 
loop gain is calculated (or measured) and plotted as a function of frequency. 
(2) The phase of loop gain is also plotted as a function of frequency. The 
resultant plots may look something like Fig. 1.25, although the exact shape 
depends on the circuit, op amp, load, and other factors. (3) The frequency 
at which the loop gain passes through 0 dB (loop gain of 1) is noted. (4) The 
loop phase is also noted at this same frequency. Ifthe phase is more than 45° 
above the —180° line, the amplifier will be stable. If the phase is within 
+5° of the —180° line, the circuit will probably oscillate. 


CIRCUITS INSIDE AN OP AMP 1-25 


TABLE 1.3 Types of Gain Used in Op Amp Circuits 


Name Description Typical schematic 


Open-loop gain The gain of the 
op amp from v, 
to U,. This is 
called 


Closed-loop gain The gain of the 
entire op amp 
circuit after 
feedback and 
input networks 
are added. This 
is called 


Loop gain The gain through 
the feedback net- 
work and the op 
amp, i.e., from 
v, to vo. This 


is called 
Vo 
v1 FH A;sAy 
(A, defined below) 
Feedback-net- The voltage-transfer 
work gain function of the 
(usually an feedback network. 
attenuation) This is called 
oe ees 
i Z,+Z, 


The number of degrees that the phase shift is above the —180° line is called 
the phase margin ¢,,. In Fig. 1.25 the phase margin is approximately 90°. 
A design which results in a nominal phase margin of 45°, or a worst-case 
minimum of 30°, is considered an adequate design. 


1.12 CIRCUITS INSIDE AN OP AMP 


To those who are already familiar with transistor circuits, a brief description 
of the transistor circuits inside an op amp will be enlightening. Those who 
are not interested in the internal workings of an op amp may skip this section 
without loss of continuity. 

A large number of circuits are presently in use inside op amps. We could 
not possibly discuss all these circuits here. Many monolithic op amps, 
however, use the general scheme as shown in Fig. 1.26. 


INPUT DIFFERENTIAL AMPLIFIER ‘This stage determines the ultimate gain 
stability, common-mode rejection, bias drift, input impedance, slewing rate, 
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Fig. 1.25 The loop-gain and loop-phase plots of a typical op amp circuit. 


bandwidth, and noise of the op amp. Subsequent stages have little effect 
on these parameters. That is, if the first stage has a voltage gain of 10, the 
errors in the second stage will only be 1/10 as noticeable as errors of equal 
size in the first stage. It is therefore mandatory that the input differential 
amplifier be carefully designed and produced with repeatable quality. 

The input-differential-amplifier stage usually has a circuit similar to Fig. 
1.27A. This is greatly simplified when compared with a real op amp. The 
current source is required so that the circuit will have a large common-mode 
rejection (this will be explained in Chap. 2). 


Input Second 
Inputs | differential differential 
amplifier omplifier 


Output 
power 


shifting 


Output 


amplifier amplifier 


Fig. 1.26 Block diagram of a popular method for constructing an op amp. 
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SECOND DIFFERENTIAL AMPLIFIER This stage (Fig. 1.27B) is almost identical 
to the input differential amplifier except that a resistor takes the place of the 
current source. The common-mode rejection requirement is not as great in 
the second stage; so a simple resistor current source is sufficient. The seven 
critical parameters determined by the input stage are 10 to 100 times less 
critical in this second stage. Only one output is used on this second stage. 


LEVEL-SHIFTING AMPLIFIER The quiescent output voltage of an op amp should 
be zero if the input differential voltage is zero. The output of the two differ- 
ential amplifiers discussed previously does not usually provide this zero out- 
put voltage. Often, another stage is required to provide a dc level shift and 
to provide some more gain. A standard PNP common-emitter amplifier as 
shown in Fig. 1.27C is often used. The load resistor is made up of two diodes 
and a resistor. This provides a temperature-compensated voltage divider 
for driving the output-power amplifier. A small resistor is placed in the 
emitter to provide some negative feedback. This stage also transforms the 
high impedance of the second differential amplifier to a low impedance 
capable of driving the output-power amplifier. 


OUTPUT-POWER AMPLIFIER This stage is usually an emitter follower of the 
complementary type; that is, the NPN transistor in Fig. 1.27D handles the 


Fig. 1.27. The four main stages of a typical op amp. (A) The input differential ampli- 
fier. (B) The second differential amplifier. (C) The level-shifting amplifier. (D) The 


output-power amplifier. 
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positive output signal and the PNP transistor handles the negative output 
signal. An emitter follower provides high current gain, wide bandwidth, 
high input impedance, and a low output impedance. Since this stage must 
drive devices outside the op amp, it has substantial current-driving capa- 
bility. Current limiting beyond a fixed value is usually provided to protect 
the op amp. 
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Chapter 2 


Fundamentals of 
Circuit Design Using Op Amps 


2.1 BASIC RULES WHICH SIMPLIFY DESIGN 


By using the ideal properties of op amps listed in Sec. 1.1, we arrive at two 
basic rules which greatly simplify op amp circuit design. These rules are: 

1. Op amp input terminals draw no current. 

2. Voltage across input terminals is zero. 

These rules are adequate for most design work. They are also adequate to 
use for an initial design in those cases where op amp parameter drifts must 
later be considered. Circuits of any complexity can be handled with these 
rules. Circuits which require a more careful design afterward are usually 
the following types: 

1. Low-level de and high-precision dc circuits must consider input offset 
voltage, input bias current, input offset current, equivalent input noise, and 
input resistance. 

2. Low-level ac, high-precision ac, and wide-bandwidth ac circuits must 
consider equivalent input noise, finite bandwidth, finite slew rate, and input 
capacitance. 

3. All precision circuits must consider output resistance, common-mode 
rejection ratio, and power-supply rejection ratio. 

These additional considerations will be discussed at length in the next 
section. In the meantime, several examples using the two basic rules are 
in order. 


INVERTING AMPLIFIER The most fundamental version of an inverting op amp 
circuit is shown in Fig. 2.1. Let us consider each of the two basic rules 
individually to see how easily they are applied. 

BASIC RULE |: No current goes into positive or negative input terminals: 
This means that the current passing through R, must be identical with the 
current through R; Two equations can therefore be developed by just 
using Ohm’s law: 


0;— 0, = th, (2b) 


Uy — Up = iRy (a) 


2-1 
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BASIC RULE 2: Voltage across input terminals is zero: Since the positive 
input terminal is grounded (at zero voltage), the negative input terminal must 
be at zero voltage also. Thus v, = 0 and Eqs. (2.1) and (2.2) become 


Or iR, 


or, by manipulating the algebra on these two equations, we get 


CF 
i== 
R, 
Vo 
Si Meenas 
R; 
Setting these two equations equal to each other, the final results are 
U; Vo 
1 eee aT ee 
Fy Ry 
or 
Yor 2a 2.3 
v; R, (2.3) 


Equation (2.3) is the fundamental gain equation for inverting amplifiers. It 
should be committed to memory. 


NONINVERTING AMPLIFIER The fundamental noninverting-amplifier circuit 
is shown in Fig. 2.2. We can use the same approach used in the first example. 


R¢ 


Fig. 2.1 Fundamental inverting-amplifier circuit. 


Fig. 2.2 Fundamental noninverting-amplifier circuit. 
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BASIC RULE 1: No current goes into positive or negative input terminals: 
the same current I therefore flows in R, and R;. We can develop two equa- 
tions just by using Ohm’s law: 


Op sa Oa iRy (2.4) 
Olrint 0 —= iB, (2:5) 


BASIC RULE 2: Voltage across input terminals is zero: This means that 
v;=v,. Incorporating this into Eqs. (2.4) and (2.5), we get 


U, — U; = iRy 
o,; —0 = iR, 


Solving for i in each case, 


ES pee (2.6) 
D P 


This is the fundamental equation of noninverting amplifiers. It should also 
be committed to memory. 

In the discussions to follow we will be using both upper- and lower-case 
voltages and currents, i.e., V;, v;, Ip, i,, etc. The upper-case notation repre- 
sents either complex ac signals or dc signals. The lower-case notation is 
reserved for instantaneous incremental signals, which may include nonlinear, 
ac, and/or dc signals. 


2.2 HOW TO MINIMIZE OP AMP ERRORS 


We now consider the effects of each op amp parameter on Eqs. (2.3) and (2.6). 
A method (or methods) to minimize these adverse effects will be outlined in 
each case. Methods for measuring each parameter are described in reference 


2 of Chap. 3: 


INPUT OFFSET VOLTAGE V,, All op amps have a slight mismatch of the emitter- 
base forward bias voltages of the two input transistors. This results in a 
voltage offset at the op amp output. The input offset voltage V;, (between the 
bases of the two input transistors) is related to the output offset V, by 


R, 
Vo a Vat ‘+ a) 

This equation is true for both the inverting and noninverting configurations. 
If, for example, the circuit has a voltage gain of —1,000 (an inverting ampli- 
fier), we divide the output offset voltage by 1,001 to obtain the input offset 
voltage. Op amp data sheets always specify the offset voltage at the input 
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terminals, since the magnitude of output offset depends on the circuit gain. 
The input offset is independent of the circuit. By definition, the input 
offset voltage is that voltage required across the input terminals which nulls 
the output. The input offset voltage V;, is typically in the range of a fraction 
of a millivolt to several millivolts. In high-gain circuits the output offset 
voltage may therefore be several volts. This offset will vary with temperature 
and could cause problems in a dc-coupled system. It is often neglected in ac 
circuits unless the sum of output offset voltage and peak ac voltage is a 
voltage approaching either power-supply voltage. Clipping of the output 
signal would then begin to occur. 


Fig. 2.3 Three methods to cancel effect of input offset voltage V;,. (A) Using terminals 
provided on op amp. (B) Typical method for noninverting amplifiers. (C) Typical 
method for inverting amplifiers. 


Many op amps have special offset-adjustment terminals such as that shown 
in Fig. 2.3A. A potentiometer is placed between these two terminals with 
the wiper connected to the minus power-supply terminal. Adjustments of 
+15 mV equivalent input offset voltage are possible with this method. This 
adjustment merely places the output offset at the desired value. The tem- 
perature effect on offset voltage, such as that shown in Fig. 2.4, is still present. 
The temperature coefficient of input offset voltage is typically 5 to 10 wV/°C 
for bipolar monolithic op amps. For chopper-stabilized op amps this coefh- 
cient may be only 0.1 to 1.0 wV/°C. 


HOW TO MINIMIZE OP AMP ERRORS 2-5 


If the op amp does not provide offset terminals, the circuits of Fig. 2.3B 
and C are recommended. Other schemes are possible, such as temperature- 
sensitive circuits which cancel out most of the offset-voltage drift. 


INPUT BIAS CURRENT], The inputtransistors in the first-differential-amplifier 
stage of the op amp must be forward-biased. This requires a small current 
into each of their bases. The input bias current J, is defined as one-half the 
sum of these two currents, in other words, the average of the two currents. 
This definition applies only if the output terminal is balanced or nulled to 
zero volts. 

The typical input bias current for bipolar monolithic op amps ranges from 
10 to several thousand nanoamperes. High-quality chopper-stabilized or 
parametric op amps may have input bias currents under 10 pA. 


+2 


+ Typical negative slope Typical positive slope 


—-55 -35 -15 +5 +25 +45 +65 +85 +105 +125 
Temperature ,°C 


Fig. 2.4 Typical curves showing input offset voltage as a function of temperature. 
Note: Either positive or negative slope is possible. The op amp is assumed to be 
nulled at +25°C. 


As with input offset voltage, the input bias current is a dc parameter and 
may not affect the design of an ac amplifier. If the circuit must amplify ac 
and dc, the bias current must be considered. If the amplifier is for ac only, 
one must determine whether the resulting output offset plus the peak ac 
signal gets near the saturation region of the op amp. If this happens, the 
peaks of the ac signal will be clipped. 

By reference to Fig. 2.5A we will show how the input bias current is a 
potential error source. All currents and voltages are assumed to be de to 
simplify the discussion. Suppose we require an inverting amplifier with a 
gain of —1,000 and an input resistance of 1,000 0. The input resistor R, must 
be 1,000 OQ to satisfy the input-resistance requirement. R; must be 1,000 times 
greater to satisfy the gain requirement: 
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Thus R; must equal 1 MQ. Assume the input bias current is 100 nA. This 
current will pass through R, and R; We then have I, = I, + I;: 


_Vi=Vy , Vo= Vo 
ore R; 
We assume V;=0 so that the bias current can be isolated from the signal. The 
term V, will be less than V, by a factor A, (10,000 or more). We can therefore 
drop V, and solve for V;,: 

Vi =e I, Ry 
= 059x108 OV: 


The error caused by input bias current can be almost totally canceled if 
an extra resistor, having a resistance R,, is added to the circuit as shown in 
Fig. 2.5B. This resistor is often made adjustable with a maximum value two 
or three times the computed R,. The I, into the op amp positive input will 
develop a voltage across R, which will cancel the effects of I, into the negative 
input. Perfect cancellation does not take place, however, because the two 


I, 


Ss 
Vo=-1000V; -10° Ip 


— (A) 


Fig. 2.5 (A) Circuit showing effect of input bias current (inverting amplifier). (B) The 
most popular method for reducing the error caused by input bias current. (C) Solution 
to problem for noninverting circuit. 


HOW TO MINIMIZE OP AMP ERRORS 2-7 


bias currents are not exactly equal. We will look into this problem in the next 
section. 

The output error caused by I, is often larger than that caused by the input 
offset voltage. The size of the error caused by bias current depends upon the 
size of R,. If R, is larger than V;,,/I,, the output-voltage error caused by I, 
will be larger than that caused by V;,._ If, in the above example, we had a 
V,, of 5 mV, 

Wee Te SO 

‘h 1077 50 kO, 
Any R, in this op amp circuit greater than 50 kQ will create an error due to 
input bias current which is larger than the error caused by input offset voltage. 

The solution to input-bias-current error described above and shown in 
Fig. 2.5B is for an inverting-amplifier circuit. If a noninverting amplifier 
needs error correction for the same reason, the circuit of Fig. 2.5C is recom- 
mended. As before, the source resistance seen by both op amp input termi- 
nals must be identical to reduce the error caused by input bias current. 

As should be expected, input bias current varies with temperature. Figure 
2.6A shows a typical curve of this temperature dependence. If we always 
make sure that the resistances seen by both inputs are identical, bias-current 
changes with temperature should not cause problems. 


200 
x 
= 
<a 
100 
=D +25 +125 
Temperature ,°C 
(A) 
100 
a 
oe 
2 
So 
—55 +25 +125 
Temperature, °C 
(B) 


Fig. 2.6 Typical variation of op amp input currents with temperature. (A) Input bias 
current I,. (B) Input offset current I;,. 
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INPUT OFFSET CURRENT J;, The two input transistors of any op amp will al- 
ways require slightly different bias currents. The difference between these 
two currents is defined as the input offset current I,;,. As might be expected, 
I,, also varies with temperature. Figure 2.6B shows this variation with tem- 
perature for a typical op amp. Since the offset current may flow into either 
op amp input terminal, the resulting output-voltage error is 


Vo i Ii,Rys 


The bias-current compensation scheme presented in the last section (i.e., 
using R,) does nothing to cancel the effects of Ij... We can compensate for any 
given I;, by choosing an R, slightly larger or smaller than R,R,/(R, + Ry). 
However, at another temperature I,, is different, and as a result the op amp 
output voltage will shift. Several circuits which cancel the effects of Ti, 
changes with temperature are shown in Fig. 2.7 (Ref. 2). 

Figure 2.7A is a simple compensation scheme which is recommended for 
inverting-amplifier circuits. The current from the base of the PNP transistor 
is injected into the NPN input transistor inside the LM101. The 2N2605 is a 


2N2605 


* 
LSMO 


s 
y (+) 


* Select for zero offset 


O yi+) 


2N2605 
R 
Ba é @ yi) 


oy ‘+) * 
I3K 


Xo 
I3K 


2N2605 


2N2605 
2N2605 


2N2605 


(C) (D) 


Fig. 2.7. Various methods for canceling the effects of changes in I,, with temperature. 
(A) Basic inverting amplifier. (B) Voltage follower. (C) For use if large common- 
mode range required. (D) Differential input compensation. (National Semiconductor 
Corp.) 
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silicon planar transistor which has nearly the same base-current characteris- 
tics over temperature as the NPN input transistors. The small difference be- 
tween the devices is corrected by selecting R, for zero op amp output offset 
voltage. This circuit does not require the compensation resistor Ry. 

For voltage-follower applications the circuit of Fig. 2.7B is often used. The 
compensation current comes through R,, which is adjustable for each particu- 
lar op amp. The diode regulates the compensation current so that compen- 
sation does not change with signal level. The input impedance of the voltage 
follower is not reduced with this circuit. For the LM101 shown, the typical 
input impedance is 1,000 MQ. 

Figure 2.7C provides even better compensation over temperature than 
Fig. 2.7B. It is also useful over a larger common-mode range. The emitter 
of Q; is fed from a current source (Q, and Q,). This prevents the input-volt- 
age level from changing the compensation current from the base of Q.  Varia- 
tions of input bias and offset currents with power-supply voltage are also 
reduced with this circuit. 

The final circuit, shown in Fig. 2.7D, provides all the good features of Fig. 
2.7C, except that compensation on both input terminals is now provided. 
R; and R,are selected for the different bias-current requirements on these two 
inputs. The circuit can be further optimized over temperature if the source 
resistances seen by the inputs are made equal (see Fig. 2.5). However, in 
applications where this is not possible, R; and R, can be selected for mini- 
mum output drift. 

If one does not want to design external compensation circuits for the above 
op amp deficiencies, a higher-quality op amp may be used. Of course, one 
must be willing to pay the price for op amps which are optimized for low 
input voltage offset, low input bias current, and low input offset current. 
Three types of op amps which have low input offsets and temperature co- 
efficients are FET input, varactor input, and chopper-stabilized op amps. 
These are available as discrete packaged op amps. The FET and chopper- 
stabilized types are also available in monolithic form in the TO-99 package. 


EQUIVALENT INPUT NOISE V, andI, This parameter affects both the ac and dc 
characteristics of op amp circuits. Op amp specification sheets tabulate data 
on equivalent input noise from 0.01 Hz to over 1 MHz. Op amp noise is 
specified by use of an equivalent input-noise voltage and an equivalent input- 
noise current. The actual noise in the op amp is created in a number of places 
in the first few stages inthe op amp. To simplify noise calculations, all these 
noise sources are assumed to be lumped into a single equivalent input-noise 
current and a single equivalent input-noise voltage. Figure 2.8 shows the 
circuit placement of these noise sources in front of a noiseless op amp. 


Fig. 2.8 Placement of the equivalent input-noise voltage and equivalent input-noise 
current generators in front of a noiseless op amp. 
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At least four different types of units are used to specify input noise. These 
units are: 


Voltage: 
Volts/ VHz rms 
Volts?/Hz rms 
Volts peak-to-peak 
Noise figure in dB 


Current: 
Amperes/ VHz rms 
Amperes/Hz rms 
Amperes peak-to-peak 
Noise figure in dB 


In this text we will use volts/ VHz and amperes/ V Hz, which are rms num- 
bers quite easily correlated with simple measurements. Before we get into 
methods to optimize op amp circuits for low noise, we will work out methods 
to make conversions from the other three types of noise specification to the 
one we will use in this text. The volts/ VHz and amperes/ VHz terminology 
is used by a large number of op amp and transistor manufacturers. These 
units allow the easiest computation of circuit parameters which will minimize 
noise. When we say volts/ VHz we mean the rms voltage over a 1-Hz band- 
width. This number must also be specified at some center frequency. Some 
texts call this the spot noise. It is not usually measured with instruments 
having a 1-Hz bandwidth, as this is usually too difficult. Rather, a more con- 
venient bandwidth such as 1/,. or ‘hoo the center operating frequency is 
used. The number obtained in this manner is then divided by the square 
root of the bandwidth. This converts the number to volts/ VHz. 

As an example, suppose we measure the spot noise of some device at 
10 kHz using an rms voltmeter having a bandwidth of 100 Hz. The equiva- 
lent input-voltage noise measures 300 nV. The spot noise is therefore 


300 nV 
V100 Hz 
_ 300 nV 
~ 10 VHz 


V, = 


= 30 nV/ VHz at 10 kHz 


The same type of calculation could be performed using data from a noise- 
current measurement. 

Some data sheets provide noise data in units of volts?/Hz or amperes?/Hz. 
To obtain volts/ VHz and amperes/ VHz one needs merely to take the square 
root of these numbers. For example, the Fairchild “A741 has a noise voltage 
of 4x 10-'6 volts?/Hz at 10 kHz. The spot noise at 10 kHz is therefore 2 x 10% 
volts/ VHz. 

Very low. frequency noise, such as that in the region from 0.01 to 1 Hz, is 
difficult to measure with an rms meter. One approach to this problem is to 
pass the signal through a low-pass filter having a 1-Hz upper cutoff frequency. 
The filter output is applied to an oscilloscope and the peak-to-peak excursions 
are estimated. The rms voltage is then 0.707 of one-half the measured peak- 
to-peak amplitude. The numbers obtained with these peak-to-peak measure- 
ments are only a rough estimate, since the amplitude of low-frequency noise 
in most devices increases as the frequency goes down. As a result, if a 
peak-to-peak estimate is once made, it will always be exceeded by a larger 
signal if one waits long enough. The correct peak-to-peak reading is that 
amplitude which is exceeded only 10 to 15 percent of the time (Ref. 3). 
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The fourth type of noise information often shown in data sheets is the 
“noise figure” expressed in dB. The noise figure is a measure of additional 
noise which is contributed by the amplifier above that noise already in the 
input signal. If the input signal is only that due to source resistor noise, 
its equivalent rms voltage is 


Ve= VA4AKTR, V/ VHz (2.7) 
where k= Boltzmann’s constant = 1.374 x 1073 J/K 
T = temperature, K 
R, = source resistance, (2) 
At room temperature the resistor noise is 


Ve= 0:13 VR; nV/VHz (2.8) 


If the amplifier contributes an equivalent input-voltage noise of V, and an 
equivalent input-current noise of I,, the noise figure is defined as 


V2 ERAT, 
4kTR, 


To find V, and I, at any given frequency, we must use data-sheet curves, 
such as that shown in Fig. 2.9, which relate NF to R, and frequency. The 
equation must be solved for two NFs at the given frequency, since both 


V, and I, are unknowns. 
NF=1dB 
Rs=I8k 2 


Rs=!1300 2 


{OOK 


{OK 


R, (source resistance) , 2 


10 102 10> 104 10° 
Frequency, Hz 


Fig. 2.9 Narrow-band spot-noise-figure contours for “A725. (Fairchild Semicon- 
ductor.) 


An example of the above procedure would be worthwhile at this point. 
Suppose we want to find V, and I, of the Fairchild 4A725 at 1 kHz. Using 
Fig. 2.9, we note that NF = 1 dB if f=1 kHz and R,= 18 kQ. Likewise, 
NF =5 dB if f=1 kHz and R,= 1,300 0. These numbers are substituted 
into Eq. (2.9) for each R,: 


V2 + I? (18,000)? = 4kT(18,000) [antilos(>-) = 1 (2.10) 
Fes GB 
V2 + [2 (1,300)? = 4kT(1,300) [antilog(735-) ~ 2 (2.11) 


Subtracting the bottom equation from the top, we get 
T,[ (18,000)? — (1,300)? ] 


- 4kT{ 18,000| antilog(=5) = | - 1,300] antilog(,) = 1|} 


2-12 FUNDAMENTALS OF CIRCUIT DESIGN USING OP AMPS 


Now we need only substitute in k and T, then solve for I,. (Note that the 
value of antilog a is 1.259 and antilog 2 is 3.163.) The final result becomes 


I, = 0.307 pA/ VHz. This value of I, is substituted into either Eq. (2.10) or 
Eq. (2.11) to solve for V,. After this calculation we get V, = 6.77 nV/ VHz. 

We will now show how to minimize the op amp output noise once we have 
curves of V, and I, vs. frequency. The output-voltage noise due to V,, in the 
circuit of Fig. 2.8 is 


Ve elena (2.12) 
R, 
A es ee a (2.13) 


1 


The relation (Z, + Z,)/Z, is called the voltage-noise gain of the circuit. Note 
that the voltage-noise gain is larger than the gain for normal input voltages. 
For a noninverting amplifier the gains will be identical. The op amp output- 
voltage noise due to I, is 


Voni = Ran (2.14) 
or Voni = Zpln (2719) 
The total output noise is the rms sum of Von, and Voni: 
Von = VVenv + Veni 


Therefore the minimum value of V,, is achieved when Vony = Voni. To satisfy 
this, we must set Eq. (2.12) equal to Eq. (2.14) [or Eq. (2.13) equal to Eq. 
(2.15)]. This results in the following: 


R.A, 


Va == R; 1 Bs 
1 
Rearranging this, we get 
Ne R,R, 
fe a ar (2.16) 


Minimum noise is therefore achieved when the parallel resistance of R, and 
R, is made equal to the ratio V,/I,._ The latter ratio is appropriately called 
the noise resistance of the op amp. 


INPUT RESISTANCE R,, and R,. These parameters have already been explored 
in detail in Sec. 1.6, where real and ideal op amps were compared. Equations 
were given which showed the effect of Rjq (differential input resistance) and 
R;. (common-mode input resistance) on the circuit gain A,,. Equation (1.6) 
showed the effect on the inverting amplifier, and Eq. (1.7) was for the non- 
inverting amplifier. The effect of R;- on circuit gain is so small that it is 
usually disregarded. The effect of Rigis also extremely small and is neglected 
unless it is in the order of 10 kN or less. Since the cheapest monolithic op 
amps have an R,, much greater than 10 kO, the effect of input resistance can 
be neglected in all but very specialized applications. 


INPUT CAPACITANCE C,, and C,. These two parameters are seldom stated on 
op amp data sheets. Their effect on the closed-loop gain of the inverting- 
amplifier configuration is negligible. Both C,, and C;, have typical values 
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of 1 to 2 pF and maximum values of 3 pF for monolithic op amps. The com- 
mon-mode input capacitance C;., however, does have some deleterious 
effect on the noninverting amplifier at high frequencies. Since this type of 
amplifier is often driven by a high-impedance source, a capacitance to ground 
at the op amp positive input will attenuate high frequencies. The only way 
around this problem is to use careful layout procedures and to choose an op 
amp with low C;,... (See Appendix III for fabrication procedures which 
minimize stray capacitances.) As we will find in Chap. 3, the input capaci- 
tances play a major role in the op amp loop stability. We will defer further 
comment on this subject until Chap. 3. 


OUTPUT RESISTANCE R, This parameter was discussed in Sec. 1.6. Equation 
(1.8) showed that the relationship between op amp output resistance R, and 
closed-loop output resistance Rout is Rou =R,/BA,. At frequencies much 
lower than the loop-gain unity crossover the parameter R,,, is very small. 


R¢ 


Fig. 2.10 The closed-loop circuit output resistance R,,, is placed as shown to deter- 
mine its effect on circuit performance. 


However, as shown with Eq. (1.8), in the region of unity loop-gain crossover 
the op amp output resistance goes up and BA, drops. This tends to cause 
both stability and gain problems. 

Solution to the feedback-stability problems caused by R, will be covered 
in Chap. 3. We will discuss the gain problem only briefly. As shown in 
Fig. 2.10, we can represent R,,, as a resistance in series with the load R,. 
The actual circuit output voltage vj will be slightly lower than v, because of 
the voltage divider formed by R,,; and R,. Thus, 


erage 
A Aes? 


At low frequencies, where BA, is large and R, is small, Roy; will be small. 
As an example, consider the 748 op amp. At frequencies up to 50 kHz, R, 
is approximately 70. At 50 kHz the open-loop gain is 200. If 8 = ',, BA, = 
50 at 50 kHz. The output resistance of the circuit at this frequency is there- 
fore [using Eq. (1.8) ] 


(2.17) 


Uo 


70 
Rout = — = 1.4 
Pa AG Pa a 


If R, = 1 kO and v, = 10 V, the output-voltage reduction due to R,,; is [using 
Eq. (2.17) ] 
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eee pes Bes 
Yo v= [1 eae 


" E be 000 
wn 1,000 + 1.4 


At lower frequencies the voltage reduction will be even smaller. This error 
would probably go unnoticed. Now consider what happens at unity loop 
gain (BA, = 1), where, at the same time R, has increased to 120 © (this hap- 
pens at f= 100 kHz), 


10 = 14 mV reduction 


Rie ON 
Rour(100 kHz) = BA, rig EE 120 
The output-voltage reduction will be 
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The error in this case is more than 10 percent. 

How do we reduce these errors caused by R,? The most obvious sugges- 
tions are: (1) Do not require operation at frequencies where BA, = 10 or less. 
(2) Keep R, large. (3) Place an emitter follower between the op amp and 
R,. The last suggestion will make the load resistance R, seen by the op amp 
very large. Thus the voltage-divider action between Ro and R, will be very 
small. 


OPEN-LOOP GAIN A, AND OPEN-LOOP DC GAIN A,, These parameters are also 
called the ac and dc differential gains, since they are the ratio of the op amp 
output voltage v, to the difference between the input terminals v, — v,. We 
discussed the degradation caused by a finite open-loop gain in Sec. 1.6. 
Equations (1.4) and (1.5) related closed-loop dc gain A,,, to open-loop dc 
gain A,,. We found that gain was reduced 1| percent or more (from the ideal 
gain) if A,,/Ayeo was 100 or less. If we can guarantee A,,/A,., > 100 for all 
temperatures, then as A,, varies with temperature the circuit gain will be 
stable to within 1 percent. Likewise, if a 0.1 percent amplifier is required, 
we must guarantee that A,,/A,,-. > 1,000 under all conditions. 

The degradation to A,., by a finite A,, follows the above rules only for fre- 
quencies up to the first pole of the op amp. Between the first-pole frequency 
and the second-pole frequency the true circuit gain is 


—A,R,/R, 
VA2 + (1+ BIR, 


+A,Ry/ (Ry + Ry) (2.19) 


and A,-(noninverting) = APS Tl + RAR, +R)P 


These equations are the basis for Table 1.2 of percent gain error (ac only). 
Since A, is 90° out of phase with A,,, the effect of A, on the accuracy and 
stability of A,. is much less than the effect of Ay. on Arco: 

Suppose we wish to find the maximum frequency with which we can ex- 
pect 1 percent accuracy for an X10 amplifier using the Fairchild wA741A. 
We first refer to the data sheet and determine the minimum open-loop gain 
and minimum unity-gain bandwidth at +25°C. As shown in Fig. 2.11, we 
use the above data to make a plot of A, as a function of frequency. The mini- 


A,,(inverting) = (2.18) 
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mum value of A, at dc (i.e., A,,) is given to be 50,000. We draw a horizontal 
line at that value. The unity-gain crossover frequency (called the bandwidth 
in this data sheet) is 0.44 MHz. We then draw a line having a slope of —20 
dB/decade such that it passes through A, = 1 at 0.44 MHz. This line is ex- 
tended up and to the left until it intersects the A, = 50,000 line. We define 
the resulting plot as the worst-case minimum curve of A, at +25°C. 

Now, to determine the worst-case A, over temperature, we must assume 
two things: (1) The first pole at 8.5 Hz does not appreciably change frequency 
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Fig. 2.11 Curves of A, for the Fairchild ~A741A taken at +25 and +125°C. 


with temperature. (2) The slope of A, above the pole frequency remains 
at —20 dB/decade. We next examine the data sheet to find the minimum 
A,) over temperature. The test conditions for this A,, (and the A,, at +25°C) 
must not be too different from the planned use of the amplifier. Assuming 
the power supplies to be used are +20 V, R, = 2 kQ, and the output = +15 V 
(peak-to-peak), the minimum A,, over temperature is 32,000 at+125°C. We 
draw a horizontal line at 32,000 on Fig. 2.11. At 8.5 Hz we change the slope 
to —20 dB/decade and note that the A, = 1 intersection occurs at 0.27 MHz. 

The closed-loop gain A,, curve is drawn as a straight horizontal line at 
A,- = 10 until it intersects the two A, curves. We next determine the gain 
errors due to the lower A, curve. According to Table 1.1, the error will be 
less than —0.1 percent at dc, since A,,/A,-, = 3,200 at dc. At 28 Hz the phase 
shift of A, will be almost —90° relative to A,.. At this frequency A,/A,, = 
1,000; so the gain error according to Table 1.2 is —5 x 10° percent. Like- 
wise, at 280 Hz the gain error is —0.006 percent, at 2,800 Hz the gain error is 
—0.6 percent, and at 28 kHz the gain error is —33 percent. We can reason- 
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ably assume this circuit will be better than 1 percent stable up to about 3,000 
Hz and over the temperature range —55 to +125°C. 
Our suggested methods to reduce the errors caused by changes in A, 

and A,, are: 

1. Choose an op amp with a high de gain and/or wide bandwidth. 

2. Keep the temperature variations to a minimum. 

3. Make sure the ratios A,/A,, and A,,/A, .) are as high as possible over as 
many frequencies as possible. 


BANDWIDTH f,,. f.,.f, The bandwidth f, as defined in Chap. | is the fre- 
quency where the op amp gain is 1. It can also be determined by measuring 
the op amp risetime when the op amp is connected as a unity-gain noninvert- 
ing amplifier. The bandwidth is then computed from 

_ 0.35 
u i 


(2220; 


where t, is the 10 to 90 percent risetime. 

We are usually more interested in the closed-loop bandwidth than in the 
open-loop bandwidth. Throughout the text we will use f,, as the frequency 
at which the closed-loop gain is down 3 dB. This is the dominant (first) pole 
frequency of the closed-loop circuit. Referring back to Fig. 2.11, the closed- 
loop bandwidth is the frequency where the open- and closed-loop curves 
intersect. Thus, in Fig. 2.9 the closed-loop bandwidth is 44 kHz at +25°C 
and 27 kHz at +125°C. 

Some data sheets provide information on the change of closed-loop band- 
width with temperature. One must be careful, however, because these are 
usually typical data. The worst-case minimum closed-loop bandwidth, over 
temperature, may be much less than the data sheet implies. The method 
outlined above will probably give more accurate worst-case data. 

When the circuit must supply large output-voltage swings, the maximum 


Output swing, +V 
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Fig. 2.12 Full power (large-signal voltage swing) as a function of frequency for the 
LM101 op amp. (National Semiconductors.) 
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closed-loop bandwidth is much less than f,. Depending on the size of the 
peak output voltage, the bandwidth may only be '/) or ‘ho. of f,.. This high- 
level bandwidth is called f,, since it is the maximum frequency at which full- 
power output response can be expected. Many data sheets provide curves 
showing the maximum peak-to-peak output voltage as a function of fre- 
quency. Figure 2.12 isacurve of this type forthe LM101 opamp. The curve 
was obtained by noting the voltage at each frequency where <5 percent dis- 
tortion occurs. If more than 5 percent distortion is acceptable, slightly 
higher voltages may be allowed. 

The strong relationship between full-power response and the compensa- 
tion capacitor is immediately obvious. Also, it should be noted that the 
curves flatten off rather abruptly at the top because the data were taken using 
+15-V power supplies. Thus one would expect abrupt limiting as soon as the 
peak-to-peak amplitude approaches 30 V. 

Bandwidth may be extended with the following methods: 

1. Keep output amplitude low so that the full-power response curves 
are not approached. 

2. Use the minimum compensation on the widest-bandwidth device. 

3. Allow slightly more distortion in the output signal. 


SLEW RATE S_ As mentioned in Chap. 1, the maximum slew rate is the maxi- 
mum rate at which an overdriven op amp can change its output voltage. This 
limiting action does not take place suddenly. It is observed to begin at one 
location on a sine wave as the frequency or amplitude is increased and then 
broaden out to include most of the sine wave. The exact nature of this com- 
plicated phenomenon depends on the type of op amp, the compensation used, 
and the load capacitance. We can best illustrate how slew rate depends on 
amplitude and frequency with a specific example. Figure 2.13 shows output 
waveforms from an LM101 with a sine-wave input. The circuit tested was 
the unity-gain noninverting type with a 30-pF compensation capacitor. The 
figure shows that it takes both high frequency and large voltage to cause 
maximum distortion. If the peak-to-peak voltage is small, the LM101 can 
provide distortionless gain up to 200 kHz. If the compensation capacitor is 
only 3 pF, distortionless gain is possible up to 1 MHz. Output waveforms 
up to 20 V or more are possible (for frequencies below 20 kHz). 

Slew-rate limiting is characterized by a definite flattening on one portion 
of the sine wave. This flat portion is due to a constant-current source charg- 
ing a capacitance. Precision ramp generators are built with the same princi- 
ple. If the constant current is I, the slope of this slew-rate limit is 

rN Galas | 
age (2.21) 
The capacitances and current generators causing the slew-rate limiting may 
be in several locations. 
1. Often a compensation capacitor C, is placed between the collectors 
of the input differential stage. The slew-rate limit at this point is then 


OT EEs 
Ate~ Cs 
where I, is the quiescent collector current of either input transistor. 


2. If a large-load capacitor C;,, is connected to the op amp, the maximum 
slew rate is 


Av _ Io 
At OG; 
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Fig. 2.13 Output waveforms from an LM101 with a unity-gain noninverting con- 
figuration and 30-pF compensation. The circuit input was a sine wave in all cases. 
The dashed lines represent the ideal output waveform. 


where I, is the maximum available op amp output current. The ultimate 
slew-rate limitation of the circuit will be the smallest I/C ratio in the op amp. 

If slew-rate limiting is a problem, the designer may consider the following 
suggestions: 

1. Slew rate is higher for high-gain circuits. Perhaps the input signal 
can be reduced and the circuit gain increased. 

2. The compensation-capacitor size may be too large. Some op amps 
have several methods for compensation from which to choose. Use of input 
lead-lag compensation mentioned in Chap. 3 is one possible suggestion for 
increasing slew rate. 

3. If a large-load capacitance is the cause of slew-rate limiting, perhaps 
an emitter-follower buffer will help isolate the op amp from C;,. 

Maximum slew rate Sax is related to full-power response by 


Smax = 27f;V op (2.22) 


where f; and V,, are the coordinates of a point on a curve such as Fig. 2.12. 
Suppose we wish to find the maximum slew rate of the LM101 if V,, = 10 V 
and C,;=30 pF. From Fig. 2.12 we note that f;= 8 kHz at Vp» = 10 V and 
C,=30 pF. Thus, 


Sinax = 27f;V pp = (6.28)(8 X 103 Hz)(10 V) 
=5 x 10° V/s =0.5 V/s 


COMMON-MODE REJECTION RATIO (CMRR) Nearly all op amps have differential 
inputs. Many applications of op amps require both these differential inputs 
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for proper operation. Some of these same applications require that any com- 
mon voltage simultaneously applied to both inputs should not be amplified. 
This is not entirely possible in real op amps. This ““common-mode” voltage 
always arrives at the output at some finite level. The common-mode rejection 
ratio (CMRR) is a measure of how much this common-mode signal is rejected 
relative to the desired differential-mode signal. CMRR is defined as 


in 
CMRR = a at de (2.23A) 
A, 
or CMRR = Z at any frequency (2.23B) 
where Ayo = op amp differential gain at dc 
A, = op amp differential gain as a function of 
frequency 


Acmo = OP amp common-mode gain at de 
Acm = Op amp common-mode gain as a function of 
frequency 


Figure 2.14 clarifies the definition of A, and A,» (or Ayo and Acgmo, Which are 
merely the dc components of A, and A,m). Data sheets provide CMRR data 
in several forms. The most common form is merely one or two numbers 
stating the minimum and/or typical 
CMRR at de. More useful data sheets 
provide curves showing minimum CMRR 
vs. frequency. A tabulated minimum Vo 
CMRR at de in conjunction with a typi- 
cal CMRR vs. frequency could be used Ne ee 
to make an approximate minimum CMRR 
vs. frequency plot. 

Figure 2.15A shows a typical CMRR 
curve for the 101A op amp. The data 
sheet also states that the minimum CMRR 
at dc is 80 dB over the military tempera- 
ture range (—55 to +125°C). The curve 
of CMRR vs. frequency (Fig. 2.15A) must 
accordingly be lowered by 23 dB at all 
frequencies if worst-case performance Fig. 2.14 Definitions of op amp 
calculations are to be made. This is a differential gain A, (usually called 
rough approximation for worst-case mini- the open-loop gain) and common- 
mum CMRR, but it will usually be satis- mode gain A-m. 
factory if no better data exist. 

Assume the designer knows the nature of his common-mode input voltage 
over frequency. A reasonable question to ask is: What will the output volt- 
age be over frequency due to the common-mode input? To answer this 
question, we need plots of CMRR and A, which were both obtained under 
similar operating conditions. Figure 2.15A and B will be used. If both 
plots are in dB vs. frequency, the calculations will be simplified. Since 
CMRR =A, /Acm, Acm = Ay/CMRR. Therefore 


20 log Acm = 20 log A, —20 log CMRR (2.24) 


c 10) 


Vo 


Ve 


Acm= 


(See Appendix V for rules of logarithms.) The three terms are all expressed 
in dB. To obtain 20 log A,» (in dB) at a given frequency, we merely subtract 
20 log CMRR (in dB) from 20 log A, (in dB) at that frequency. 

Subtracting log terms is the same as dividing normal numbers (i.e., if we 
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calculate 20 log 1,000 —20 log 10, we get 20 x 3 —20 x 1 =60 —20 = 40 = 
20 log 100. This is the same as saying 1,000/10 = 100). The resulting plot 
of 20 log Acm is shown in Fig. 2.15C. To obtain the plot of output voltage vs. 
frequency due to a common-mode voltage, we must multiply Acm by the input 
common-mode voltage. Again, this is most easily done if both are in dB. 
The circuit surrounding the op amp also has a CMRR of its own. In Chap. 9 
we will show how to incorporate the op amp CMRR into the circuit CMRR to 
obtain the total CMRR. As it turns out, the total CMRR is always less than 
the circuit or op amp CMRR. We will take up ways to increase circuit CMRR 
in Chap. 9. The op amp CMRR can be optimized in the following ways: 
1. Choose an op amp with a large minimum CMRR at dc. 
2. Choose an op amp with the largest possible CMRR values over the 
same frequency range to be used in the circuit. 
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Fig. 2.15 Curves of (A) CMRR, (B) A,, and (C) A,,, for the 101A op amp. 
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3. Measure each op amp for maximum CMRR before installation in the 
circuit (see Appendix IV). 

4. Make sure circuit CMRR is at least ten times larger than op amp 
CMRR (see Chap. 9). 


POWER-SUPPLY REJECTION RATIO (PSRR) This parameter is defined as the ratio 
of a change in input offset voltage to a change in power-supply voltage. The 
test is usually performed at some given frequency (60 Hz, 1 kHz, etc.); how- 
ever, data sheets seldom state the frequency. The resulting number is ex- 
pressed in uV/V or dB. When stated in dB, the number is actually negative, 
since the input offset change is much smaller than the power-supply change. 
A negative dB means the ratio is less than | (i.e., —20 dB = 0.1). 

To determine the effect of PSRR on a given circuit, we can use the same 
type of calculation used to determine the effects of input offset voltage. As 
we recall, the op amp output voltage V, is related to the input offset voltage 
V;, by the following: 


R 
ae (1 n a4 Wig (2.25) 
R, 
This expression holds for both inverting and noninverting amplifiers (see 
Sec. 2.2). From the definition of PSRR we have 
Vio . 
PSRR =— (2.26) 
Vs 
where V;, is an equivalent ac rms voltage across the op amp input terminals 
and V, is an ac rms voltage on both power-supply terminals (in phase). We 
can find the op amp output ripple voltage by combining Eqs. (2.25) and 
(2.26). The result is 


y= (1 r =) V, x PSRR (2.27) 
1 

Suppose the power supplies have a 0.1-V rms ripple and the op amp has 

a PSRR of 20 nV/V (—94 dB). Ifthe op amp is connected as an X1000 invert- 
ing amplifier, its output ripple will be 


V,(rms) = (1 + 1,000)(0.1 V rms)(20 x 10-*V/V) 
= (),02) V:rms 


Whether or not this disturbs the circuit function depends on the size of the 
real output signal and its required signal-to-noise ratio. 
The effects of op amp PSRR can be minimized several ways: 
. Choose an op amp with a small PSRR. 
. Reduce the power-supply ripple with additional filtering. 
. Increase the input signal. 
. Decrease the circuit gain. 


mwN Re 
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In Secs. 2.1 and 1.5 we state that the gain of a simple inverting amplifier is 
—Z,|Z, (see Fig. 2.16A). Likewise, the gain of a simple noninverting ampli- 
fier is 1 + Z,/Z, (see Fig. 2.16B). These equations are true only if Z,; and 
Z, are two-terminal devices (i.e., resistors, capacitors, inductors, diodes, etc.). 
If Z, and/or Z; are changed to three-terminal circuits with one terminal 
grounded as in Fig. 2.16C, the equations above do not apply. A more gen- 
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Fig. 2.16 (A) Simple inverting-amplifier circuit. (B) Simple noninverting-amplifier 
circuit. (C) Complex inverting-amplifier circuit which requires use of Y parameters. 


eral approach using Y parameters is required. We will now introduce Y 
parameters and then show how they are used in op amp circuits. 


Y PARAMETERS We will start with the general three-terminal network 
shown in Fig. 2.17A. All three-terminal networks can be reduced to three 
blocks as shown, where each block can be an impedance Z or an admittance 
Y. The admittance has a real part G (the conductance) and an imaginary 
part B (the susceptance). Thus admittance is expressed as 


Y=G+jB 
just as impedance is expressed as 
Z=R-+ jx 


where R is resistance and X is reactance. We convert from one system to the 
other by 


1 ae | 
Z=y+ or ign Se (eine 
Individual components are expressed as follows: 
Resistance: R= 7 or oa 
Inductance: X=sL= zB Or R= i 
B sL 
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aL el es 
Capacitance: X= GohIB or B=sC 


By use of Fig. 2.17B and C we can obtain the four Y parameters. Ifthe out- 
put is shorted to ground, we get 


eri, I 
Y,, = short-circuit input admittance = V. 
1 
Y., = short-circuit forward transfer admittance 
forte 
V, 


If the input is then shorted to ground, the other two parameters are 


Y,. = short-circuit reverse transfer admittance 
F 


V2 
Yo. = short-circuit output admittance 
oe 
Vv, 
If the three-terminal circuit is made up of passive elements (resistors, capaci- 
tors, inductors, transformers, diodes, etc.), Yi2 = Y2;._ This greatly simplifies 
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Fig. 2.17 Determining the Y parameters of a three-terminal network. (A) The general 
three-terminal circuit put in simplified three-block form. (B) Computation of Yj, 
anary.,. (C):Computation! of Y,,-and_Y,5. 
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the algebra in the following pages. We will simply call Y,2 and Y2, the trans- 
fer admittance Y; in the following discussion. 

It is a rather laborious task to compute or measure the short-circuit param- 
eters of a network as a function of frequency. Therefore, we have provided 
the Y parameters for many common RC networks in Appendix VI. In the 
following pages we will show how to use the curves in Appendix VI to 
obtain the frequency response of almost any op amp circuit which uses 
RC networks. 


COMPUTING A, WITH Y PARAMETERS The most basic op amp circuit which 
requires the use of Y parameters is shown in Fig. 2.16C. As it turns out, we 
need to know only the transfer parameter Y, of the input and output networks. 
The closed-loop gain of the entire op amp circuit is 

V2 Yu 

Ay V, Y, (2.28) 

where Y,, = Yi» (= Yo,) of the input network 
Yi7= Yio (= Yo1) of the feedback network 

The parameters Y;, and Y, often contain many sC terms which vary with 
frequency. To obtain the overall circuit response as a function of frequency, 
it is best to use dB plots. The circuit gain is then simply the Y,, plot (in dB) 
subtracted from the Y;, plot (in dB). 
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Fig. 2.18 Calculation of an op amp circuit response using Y parameters. (A) The 
circuit. (B) Computing Y,, of input network. (C) Computing Y,, of feedback network. 
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An example would be worthwhile at this point. Given the circuit of Fig. 
2.18A, what is the plot of voltage gain vs. frequency? The input network is 
composed of G,, Gs, and C, and the feedback network is composed of Cy, 
Cetesand Gy, 

The transfer admittance of the input network is found (see Fig. 2.18B) by 
grounding the right side of G,. The current through G, is calculated for an 
input voltage on the left of G,. The transfer admittance is 


i; —G,G,/C, 


ata VE = s+ [(G, + G,)/C,] 


This transfer admittance is plotted in Fig. 2.19A. The transfer admittance 
for the feedback network is similarly found as shown in Fig. 2.18C. The 
result is 

I, in —C, {s? + 8 [(G3 + G4)/C3] + (G3G4/C2 Cs) } 


eee 
af Ven s+ [(G3 + G4)/C3] 


This equation is plotted in Fig. 2.19B. If we (point-by-point) subtract Yj, 
(in dB) from Y,, (in dB), we get the circuit transfer function shown in Fig. 
2.19C. The result is a two-pole low-pass filter with a corner frequency of 
1 kHz. 
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Fig. 2.19 (A) The input transfer admittance. (B) The feedback transfer admittance. 
(C) The ratio Y,,/Yy. 
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Chapter 3 


Feedback Stability 


3.1 REVIEW OF FEEDBACK THEORY 


Feedback of the circuit output to the circuit input is required for most op amp 
applications. The feedback network totally dominates the circuit character- 
istics. The op amp merely provides gain—usually orders of magnitude more 
than required. The feedback network determines what is done with all this 
gain. This feedback may be negative, which is usually done with the op amp 
negative (—) input. The feedback may also be positive by utilizing the op 
amp positive (+) input. Ora combination of positive and negative feedback 
is often used. Other variations are possible: If the feedback network has a 
phase shift, feedback to the negative input may become positive. Likewise, 
feedback to the positive input can become negative feedback under similar 
conditions. In this chapter we will discuss negative feedback and how it can 
cause circuit instability whenever it becomes positive feedback. Several 
things can cause this unwanted positive feedback. We call these various 
reasons for positive feedback “the seven causes of op amp instability.” We 
will explore them in detail in this chapter. These seven causes may not be 
obvious causes of circuit instability to the reader at this point. By the end 
of this chapter, we hope the reader will be able to use these seven ideas to 
handle an op amp stability analysis of any complexity. The seven causes 
of instability are: 
Compensation recommended by op amp data sheet not used. 
Closed-loop gain too low for type (and amount) of compensation used. 
Excessive capacitive load on op amp. 
Incorrect phase lead/lag in feedback network. 
Excessive resistance between ground and op amp positive input. 
_ Excessive stray capacitance between op amp output and balance 
terminals. 

7. Inadequate power-supply bypassing. 

The above seven causes of op amp instability fall in two categories: (1) 
design errors in the load and feedback circuit and (2) unexpected circuit 
elements. The first category is avoided by careful consideration of the first 
five causes of instability. The second category is handled by assuming 
worst-case circuit elements (such as stray capacitance at op amp input) and 
by using proved construction techniques. Both categories will be adequately 
covered in this chapter. 
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3-2 FEEDBACK STABILITY 


We will first lay a firm foundation of feedback theory. However, we will 
discuss only that portion of the theory which relates to op amps. This ap- 
proach greatly simplifies the analysis of op amp stability. Only voltage- 
mode transfer functions will therefore be required in this chapter. That is, 
the op amp transfer function will always be expressed as volts out/volts in. 
Likewise, the transfer function of the feedback network will be expressed 
as a voltage ratio. This ratio can be easily computed for feedback networks 
of almost any complexity, as we will show later in the chapter. As we showed 
in Sec. 2.3, a computation of the forward gain of complex op amp circuits 
requires the use of Y parameters. This is not necessary for feedback analysis. 
We will do all our work with voltage ratios. 

The most important parameter in an op amp stability analysis is loop gain. 
Loop gain is merely the product of the op amp gain and the feedback-network 
gain. If the true loop gain of a feedback circuit is known, the margin of 
stability of that circuit is easily determined. This is done by making plots 
of loop gain and its phase as a function of frequency. It takes only a few 
seconds to determine the circuit stability with these plots. Ifthe plots showa 
marginal stability, the loop-gain equation will tell the designer which com- 
ponents are responsible. We will spend the rest of Sec. 3.1 showing how to 
develop the loop-gain equation, how to plot it, and how to determine stability 
margins from the plots. Section 3.2 will then describe in detail the various 
methods available to modify the loop gain to achieve stability. 

Section 3.3 will analyze each of the seven causes of instability. Methods 
of overcoming each cause will be discussed in detail. Loop gain will again 
be the primary tool when discussing the seven causes. Then in Sec. 3.4 we 
will use the ideas developed in this chapter to perform a complete stability 
analysis of several typical circuits. 


RESULTS OF POSITIVE AND NEGATIVE FEEDBACK It will be a good idea at this 
point to compare briefly positive with negative feedback. Sometimes the 
differences between them are so subtle that it is difficult at first glance to 
determine which type of feedback is used in a circuit. Most circuits are 
designed to use one type of feedback. A few are designed to use both types 
of feedback. In reality, all circuits have both types of feedback present at 
one frequency or another. 

Positive feedback is used for circuits of the following types: 

1. Generator (sine, square, pulse, sawtooth, etc.) 

2. Bistable (flip-flop) 

3. Comparator 
Note that in the applications listed above, either no input is required to 
generate an output, or the output waveshape bears no resemblance to the 
input waveshape. This is the major characteristic of positive feedback. 
Electronically, the following happens in positive-feedback circuits: Some 
type of waveform on the input (noise, pulse, etc.) starts to be amplified by the 
op amp. The amplified waveform at the output of the op amp then passes 
back through the feedback network to the point where the input waveform 
is occurring. Since the feedback signal is the same polarity as the original 
signal, they add to each other and create an even larger waveform. If the 
positive feedback is dc-coupled to the input, the op amp is driven into satura- 
tion and may remain locked up. This locked-up condition can be changed 
only by removing power or driving the input with a large signal of the op- 
posite polarity. If the positive feedback is not dc-coupled to the input, the 
circuit will oscillate at the frequency where the op amp gain times the feed- 
back circuit gain equals 1. 
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Negative feedback is useful for the following reasons: 


1. To widen amplifier bandwidth 

2. To reduce amplifier distortion 

3. To minimize phase shift and flatten frequency response 

4. To minimize temperature-induced gain variations 

5. To allow parts interchangeability without affecting circuit perform- 
ance / 

6. To reduce or increase output resistance, depending on circuit con- 
figuration 

7. To reduce or increase input resistance, depending on circuit con- 
figuration 


In reviewing the above two lists, we note that (1) the main function of 
positive feedback is waveform generation, and (2) the main function of nega- 
tive feedback is to allow accurate control of existing waveforms. Since these 
functions are so different, we cannot say one type of feedback has any advan- 
tage or disadvantage over the other. However, considered by themselves, 
each type of feedback has several disadvantages of which one must be aware. 

Negative feedback has two problems: 

1. All the advantages of negative feedback are obtained at the expense 
of gain. Ifa 1,000:1 improvement of some parameter (such as bandwidth or 
distortion) is required, the gain of the open-loop circuit must be reduced by 
1,000 to obtain it. For this very reason, op amps typically have open-loop 
gains of 10,000 to over 1 million. We will discuss this limitation many times 
throughout this book. 

2. Negative feedback sometimes becomes positive feedback at certain 
frequencies —thus causing the circuit to oscillate. This problem is the main 
topic of the present chapter. We will explore this problem from every angle. 
By the end of this chapter, the reader should know how to prevent the occur- 
rence of positive feedback when negative feedback is desired. 

Positive feedback also has the following potential drawback: 

If positive feedback is used without negative feedback, the desired 
waveform generation may not be stable with temperature, load, aging, etc. 
The function of the circuit must not be dependent on the magnitude of op 
amp gain. This requirement will be discussed further in the chapters on 
oscillators and waveform generators. 


FIRST-CUT STABILITY ANALYSIS If the designer does not have time for a com- 
plete stability analysis using the procedure developed in this chapter, the 
following general rule of thumb may be useful in simple designs: (1) As 
shown in Fig. 3.1, make a plot of op amp open-loop gain. (2) On the same 
sheet of paper, plot the circuit closed-loop gain. (3) Determine the rate of 
closure of the two plots at their point of intersection. (4) If this rate of closure 
is less than 40 dB/decade (12 dB/octave), the circuit will probably be stable. 

This rule of thumb assumes several things: (1) The capacitive load C, on 
the op amp output terminal is small (< 100 pF in most cases). (2) Stray 
capacitance C, between the op amp input terminals is very small (< 5 pF). 
(3) The feedback resistor R; is small (< 20 kQ) if the stray input capacitance 
is 5 pF or more. Also, the rule of thumb is most accurate for high values of 
closed-loop gains (A, > 10). If the closed-loop gain approaches 1, it is best 
to keep stray and load capacitance small and to keep the rate of closure less 
than 40 dB/decade. 


DEVELOPMENT OF THE LOOP-GAIN EQUATION An unstable feedback circuit is 
one which has 360° of phase lag around the loop. The first 180° is already 
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accounted for by using the negative input terminal of the op amp. Feedback 
analysis is primarily concerned with causes of the second 180°. All plots, 
formulas, and discussions regarding feedback stability are centered on this 
second 180° phase lag. Thus, when we say the loop phase shift is 90°, it is 
actually 180 + 90 = 270°. The low-frequency phase lag of the op amp output 
relative to the noninverting input is zero degrees. Likewise, relative to the 
inverting input the phase lag is 180°. Op amp data sheets always plot phase 
lag relative to the noninverting input. However, when working with nega- 
tive feedback, the inverting input is always used. One should always re- 
member to add 180° mentally to the data-sheet phase lag to obtain the actual 
phase lag. Otherwise, a reader surveying literature on the subject may be 
led to believe that a 180° phase shift of loop gain will cause oscillation. 
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Fig. 3.1. Finding approximate stability of circuit by using rate of closure between 
closed-loop gain and op amp open-loop gain. 


In Chap. 1 we showed that the gain of an inverting amplifier is —R,/R,. 
We also showed that the gain of a noninverting amplifier is 1 + R,/R,. These 
gain equations were derived using the ideal op amp properties: 


1. Input resistance = « (Rin = ©) 

2. Output resistance = 0 (Rh ==30) 

3. Voltage gain = « (A, = &) 

4. Bandwidth = « (Foca = 00) 

53 Offset=—0 (Vio = Ip = Tin = 0) 


In Chap. 2 we computed the effect of nonideal op amp properties on am- 
plifier performance. We will now determine the effect of nonideal properties 
on feedback stability. It will become apparent in the following discussion 
that as the ideal properties 1, 2, and 4 become more nonideal the circuit 
becomes more unstable. 
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An op amp with infinite bandwidth will not oscillate when it is operated 
with purely resistive negative feedback. Infinite bandwidth means that the 
op amp has zero phase shift at all frequencies. A real op amp, however, hasa 
—3-dB bandwidth at some finite frequency —usually in the 1-Hz to 1-MHz 
range. Real op amps thus have 90 or more degrees of phase lag at normal 
operating frequencies. Likewise, the feedback network and load circuit 
create additional phase lag. When the op amp phase lag is combined with 
these other phase lags, a potentially unstable circuit is possible. This in- 
stability will now be shown mathematically through use of the closed-loop 
gain equations derived in Chap. 2. These equations are repeated below: 


V, A, 


ct Ve GAGAL (3.1) 
for the noninverting amplifier, or 
sich Ve a Ay (8 a 1) 
ren 7 y V; an l as BA, (3:2) 


for the inverting amplifier, where 
8 = voltage transfer ratio of feedback network (function of frequency) 
A, = open-loop voltage gain of op amp (function of frequency). This is 
the gain relative to the positive input terminal. 

These closed-loop gains become unstable (A,.=%) whenever the de- 
nominator term equals zero. This occurs when A, =—1= 1 /180°. Either 
A, or B or both can cause this condition. The term BA, is called the loop 
gain, since it is the gain through the op amp back through the feedback 
network to the op amp input—thus completing a loop. 

In both the inverting amplifier and the noninverting amplifier 8 is defined 
as 


R, 
aera 
R, + R; 
Suppose R, and R; each become a two-terminal network of electronic com- 


ponents. R, then becomes Z;, and Ry becomes Z; as shown in Fig. 3.2A. 
B is now defined as 


(3.3) 


Zin 
Ca ee 


Note that we show an impedance Z, from the op amp positive input to 
ground. This Z, is usually a resistor or a resistor bypassed with a capacitor. 
The function of this resistor was explained in Chap. 2. If Z, = Z,/100 or less 
at frequencies near unity loop gain, Eq. (3.4) will be unaffected. Otherwise 
GB must be computed with the general method to be outlined below. 

Often Z;, and/or A; are not two-terminal networks as shown in Fig. 3.2A 
but are three-terminal networks as shown in Fig. 3.2B. The simple formula 
for B above cannot then be used. The procedure for obtaining B in these 
complex cases will now be developed. The simple circuit shown in Fig. 
3.2A is merely a special case of the method to be developed. This method 
of analysis will be most useful because it will allow one to incorporate load 
capacitance and input stray capacitance. Both these capacitances decrease 
amplifier stability. 

In the following analysis we will compute the feedback voltage V, — V, 
across the op amp input terminals relative to the op amp output voltage V,. 
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If Zi, and Z, are each simple two-terminal networks as shown in Fig. 3.2A, 
and Z, = 0, then 

BU Cire ANOLE NOS 

reas Von aZin tele 

This 8B can be used to compute both closed-loop gain (see Chap. 2) and feed- 

back stability. However, with a circuit like that in Fig. 3.2B we can still 


derive a (V, — V,,)/V,., but this ratio is not B. Instead, we will call this term 
the feedback factor A;. We define 


(3.5) 


(3.6) 


This term cannot be substituted into the closed-loop gain equation in 
place of 8. The resulting calculated value for closed-loop gain A,. will some- 
times be in error if this is tried. A, is used in place of B only for determining 
the characteristics of the loop gain A,;A,. When A,A,=—l, the circuit is 
unstable. As we will show in the following sections, the margin of stability 
can be determined by examining the gain and phase of A,A,. 

The feedback factor Ay is computed assuming no input to the circuit. The 
branch of the circuit containing the input-voltage source is accordingly re- 
placed with the output impedance of the generator Z,. Figure 3.2C shows 
how this is done. Note that the feedback loop has been spread out in a 
straight line for easier computation of Ay. The feedback factor is simply 
Valve: 

Another simplification has been made to Fig. 3.2C to speed the calculation 
of A, The op amp input impedance Z;, has changed places with Z,. The 


(C) 


Fig. 3.2 Rearrangement of op amp circuit to simplify calculation of A, (A) Simple 
circuit with two-terminal networks. (B) Complex circuit with three-terminal networks. 
(C) Loop opened up so that A, can be computed. 
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reason for this is as follows: Feedback-stability calculations require that we 
know the magnitude and phase of the op amp differential input voltage 
V,—V,. But V, — V, is a fraction Z;,/(Zjq + Z,) of the voltage V,. This frac- 
tion is unchanged if Z, and Z,, change places. One may argue that the 
op amp is sensitive to V, and V, independently, thus invalidating the ideas 
above. Most op amps have a common-mode rejection ratio of 1,000 or more. 
Thus V, and/or V, have less than 0.001 the -effect of V, — V, on the op amp 
output. If Z;, and Z, exchange places, the effect on the op amp output will 
be almost negligible. This rearrangement makes it easier to visualize the 
computation of V; and Ay. V; is much easier to obtain if it is the result of the 
last voltage divider in a ladder network. If Z, and Ziq had remained in their 
original locations, we would have had to find V, and V, separately, then 
determine V, — V,. We will now proceed to calculate V; to show how this 
simplified method operates. 

Assume the circuit of Fig. 3.2C is composed of the components as shown 
in Fig. 3.3A. Z,is three resistors, Z;, is three resistors, Z, is a single resistor, 
R, is the op amp input resistance, and C is the op amp input capacitance. 
Networks of this type which are driven from one voltage source (V;) are quite 
easy to simplify. The object is to simplify the feedback network until it 
looks like one of the classical RC networks shown in Appendix VI. 


< Zin Zo 
RA ages Es. Zig 
V2 Ry (20kQ) R3(lOkQ) R7(lIOk) a (Vs 


Vo Re(20ka) R7(1Oka) Vs 


vi Ry (10k2) R7(1Oka) Vs 


R(2O0k2) 


Fig. 3.3 (A) Feedback network of Fig. 3.2C, where Z,, Zin, and Z, are assumed to be as 
shown. (B) Simplified network. (C) Ultimate simplification. 
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The first simplification is to combine R,, R2, and R; into one equivalent 
resistor in series with a new voltage source V,. This is called a Thévenin 
equivalent circuit (see Ref. 1). The equivalent voltage replacing V, is 


Vee R, V2 


fe eo a7 
R, +R; Yaoiae 2 a 


which is merely the open-circuit output voltage of V., R,, R2, and R; (i.e., R3 
not connected to R, or R;). The equivalent resistance in series with V, is 
found by shorting V. to ground and finding the resistance from D, back 
through the Z,; network to ground. This resistance is 


Ry a R; a 
= 10+ 10=20 kO (3.8) 


The network Z;, can be replaced by a single resistor to ground with a 
magnitude of 


Ses AR rarer 
= 10-40-2060 (3.9) 


Figure 3.3B shows the resulting simplified network. One more step, how- 
ever, is required to put the feedback network into a classical form. Rin, Ry 
and V3 can be combined into another Thévenin equivalent circuit just as 
above. Accordingly, 


eee V3 Rin ae 20 i yee ! 
Vi = R, +R, 20 +20 Vi 0.5.Ve (3.10) 
j Be ¢ 
and Ri = tne 0 ko, (3.11) 


Rint Ry 20+ 20 

V3 is related to V, by substituting Eq. (3.7) into Eq. (3.10), resulting in 
V2 Re Rin 

(R, + R2)(Rin + Ry) 


_ (20)(20)V2 _ 
= Tapio) 7 Oe 


kre 
Vv= 


(3:12) 


R, and R; are now added to make one equivalent feedback resistor R (see 
Fig. 3.3C). The final simplified network is identical to one of the RC net- 
works shown in Appendix VI. The transfer function for this network is 


Vs 1/CR 


Vo Soe Onna a 
Substituting Eq. (3.12) into Eq. (3.13) gives us 
a, Vs _ Rin RoICR(Ry + Ry)(Ry + Ry 
V, sf (RB 4R,)/CRR] 
_ Rin Ry/27CR(Rin + Ro)(Ri + Ro) (3.14) 


if + ((R + Rg)/2a7CRRg] 


Substituting component values from previous calculations into the above 
equation, we get 
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Le (20)(20)/27(5 x 1071!7)(20)(40)(40) 
1 if + [(20 + 1,000)/22(5 x 10-12)(20)(1,000) ] 

_ 4x 10° 

if + 1.6 x 108 
The gain and phase plots of the above transfer function are shown in Fig. 3.4. 

Loop gain A,A, is obtained by multiplying the A, found above with the A, 
given in the op amp data sheet. 
Assume the op amp has a de open-loop gain of 10° and pole frequencies 
of 10 and 10° Hz. The transfer function of the op amp is 
(Sar LO 
(s + 207)(s + 27 X 108) 
10}2 
WC UN 10") 
Figure 3.4B shows the gain and phase plots of this op amp. The product of 
op amp gain and the feedback factor is thus 
4x 1 ji 
De ee ee 
jf + 1.6 x 10° (jf + 10)(jf + 108) 

"- 4 x 10" 
(if + 10)(if + 10%)(jf + 1.6 x 108) 


Ay = 


(A) 
me 

«x 

ico) 

N | 

fe) | 

(dB) | 
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Fig. 3.4 Bode plots of gain and phase. (A) Feedback network A, (B) Op amp A,. 
(C) Loop gain A,A,. 
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The product A;A, is shown in Fig. 3.4C. Note that if the gain plots are all in 
dB, each vertical coordinate in Fig. 3.4C is merely the sum of corresponding 
points at the same frequency in Fig. 3.4A and B. Likewise, phase in Fig. 
3.4C is the sum of phase in Fig. 3.4A and B at each frequency. 

The example just outlined shows how the loop gain of fairly complex op 
amp circuits can be quite easily obtained. By utilizing the loop-gain equation 
in conjunction with gain and phase plots, computational errors can be mini- 
mized. One should never rely on just the equations or the plots. It is also 
helpful to relate specific components to specific poles in the loop gain. This 
will be helpful in the following sections, where we will find that poles are 
the prime cause of instability. If it is known that a given resistor or capacitor 
is the cause of a pole at a critical frequency, often the size of these com- 
ponents can be adjusted to stabilize the circuit. 

The preceding example could have had complex RC networks instead of 
all the resistors shown. The method of computing A; would still be the same. 


GAIN MARGIN AND PHASE MARGIN Now that we have a simplified method for 
computing loop gain, we will put it to use determining stability. We will first 
state several rules of thumb which will greatly simplify the calculations of 
this section. 

RULE 1: For the gain plot use linear coordinates for gain and logarithmic 
coordinates for frequency. The gain, however, should be expressed in dB, 
thus making it a logarithmic plot. This will allow us to multiply two gain 
plots by simply adding the dB at each frequency. 

RULE 2: Make all plots using the Bode approximations. After the final 
loop-gain and -phase plots are determined, convert the approximate plots to 
actual plots using the method discussed in Chap. 2. 

We now define gain margin and phase margin: 

PHASE MARGIN @,,: Using the loop-gain plot, determine the frequency 
f, at which the gain equals 1. Then using the loop-phase plot, at the fre- 
quency f,, measure the number of degrees that the loop phase is above —180°. 
This number is the phase margin ¢,,. 

GAIN MARGIN A,,: Using the loop-phase plot, determine the frequency 
f,, at which the phase lag equals 180°. Then using the loop-gain plot, meas- 
ure the number of dB that the loop gain is below zero dB at the frequency f,. 
This number is the gain margin Aj». 

If the loop-gain and -phase plots are accurately constructed, A» and dm 
can be quickly determined. It is best to determine phase margin first, since 
it is sometimes difficult to determine gain margin. This is so because some 
op amp data sheets do not show the phase lag passing through —180°. The 
loop phase also may not pass through —180° at frequencies of interest. In 
these cases the phase margin itself will suffice to give a number for stability 
margin. 

What values of gain and phase margins are required in a feedback circuit? 
Ideally we want a gain margin of 40 or more dB and a phase margin of 180°. 
This set of conditions is impossible to obtain; so a compromise is usually 
accepted. A reasonable phase margin used by circuit designers is 45°. 
Likewise a gain margin of 10 dB is acceptable. These margins will result in 
a closed-loop gain having a small-signal step-response overshoot of approxi- 
mately 20 percent. A dm of 45° also means that the closed-loop frequency 
response will have less than 3 dB of peaking. If analysis shows that the 
worst-case minimum phase margin is 45°, the design is adequate. Some de- 
signers use 45° as nominal and 30° as the worst-case minimum. If this is a 
true worst case, which considers all possible circuit-degradation factors, 
then 30° worst case is satisfactory. 
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In the last paragraph we hinted that gain and phase margins are related to 
closed-loop transient response and closed-loop frequency response. The 
closed-loop responses are handy tools with which to determine stability 
margin, since loop-gain characteristics are sometimes very difficult to meas- 
ure. We will explore this further in Sec. 3.5. 


3.2 COMPENSATION CIRCUITS 


If the calculation of gain and phase margins indicates poor stability, compen- 
sation can restore stability. In this section we will review the popular com- 
pensation schemes seen on op amp data sheets. Since these data sheets 
seldom tell the user what the compensation scheme is doing to loop gain, we 
will discuss that aspect extensively. The exact effect of each compensation 
scheme on gain and phase margins will be another goal of this section. 


LAG COMPENSATION This type of compensation is also known as dominant- 
pole compensation. The dominant pole in a loop-gain plot is the lowest- 
frequency pole. Consider the loop-gain plot shown in Fig. 3.5, which has two 
poles. Plot A is the original loop gain, which has the dominant pole fj,; at 
100 kHz and a second pole fj4, at 10 MHz. The plot shows that the second 
pole occurs at about one-third the frequency of unity-gain crossover. The 
dominant pole causes a phase lag of 90° for all frequencies above ten times 
f4,. At unity-gain crossover, or three times f7,, another lag of 72° takes place 


A 
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Fig. 3.5 The effect of lag compensation on loop gain. Curve A: before compensation. 
Curve B: after lag compensation. 
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owing to ff», for a total lag of 162° at that point. The resulting phase margin 
is 18° and the gain margin is 20 dB. This circuit would be very close to in- 
stability, especially if component values changed slightly because of tempera- 
ture changes. 

Lag compensation can be used to produce the loop-gain curve B shown in 
Fig. 3.5. A new dominant pole is added to the loop response at a frequency 
sufficiently low that the old dominant pole occurs near unity gain. As noted 
in the figure, the phase margin becomes 45°. This is always the result if one 
can force the second pole of loop gain to occur at unity-gain crossover. 

At least three methods are commonly utilized to create a simple lag as 
noted above. Figure 3.6 shows these three most common types. The 
method shown in Fig. 3.6A can be implemented on any op amp, even if a 
special lag terminal is not available. It does have the disadvantage, however, 
of requiring fairly large capacitors. The dominant-pole frequency is found 
from 


i 
fo= 27R,C, 
where R, = output resistance of op amp 
C,. = compensation capacitance 
Many op amps have an output resistance of approximately 1000. Ifa 100-Hz 
pole is required as shown in Fig. 3.5, 
pte 1 
"e626 100CG? 


or C,.= 15.9 uF 


Obviously, this is a difficult way to lag-compensate an op amp. An unpolar- 
ized capacitor is required for this application, and the physical size of an un- 


(3.15) 


= 100'Hz 


Ce 


(C) 


Fig. 3.6 Three circuit methods utilized to produce lag compensation. 


COMPENSATION CIRCUITS 3-13 


polarized 15.9-u~F capacitor would be unreasonably large. If a resistor of, 
say, 10,000 © is placed in series with the op amp output, the required C., is 
only 0.159 uF. This will not increase the circuit output impedance if the op 
amp output can still be used as the circuit output terminal. The feedback 
circuitry, however, must be in series with the lag network. In some applica- 
tions this will not be possible, so the networks shown in Fig. 3.6B or C may 
be required. 

Some op amps have a lag-compensation terminal available for creating a 
low-frequency dominant pole. The internal circuitry of this type of op amp is 
generally as shown in Fig. 3.6B. The output resistance of the op amp at this 
point is R,. 

If this resistance R, is quite large, the external capacitor can be reasonably 
small. The output resistance of the op amp output terminal is unaffected by 
R, unless R, is after the last stage. 

Figure 3.6C shows another way to achieve lag compensation. Two op 
amp terminals are required in this method. The output impedance of the 
circuit at these terminals is at least several thousand ohms. The required 
compensation capacitor will therefore be less than 0.1 uF in most cases. 

Lag compensation has several disadvantages of which the designer must be 
aware. First, this method of assuring stability severely decreases the op amp 
available bandwidth. It is recommended only for de or low-frequency appli- 
cations. Second, the capacitor required to make the circuit unconditionally 
stable is often too large physically. 


LEAD COMPENSATION The main cause of instability problems is the excess 
number of poles in the loop gain. We must make sure that only one or two 
poles occur before the loop-gain frequency response decreases to unity. 
Preferably, the second pole occurs right at unity-loop-gain crossover. This 
gives us a phase margin of exactly 45°. 

Lead compensation can create a zero in the loop gain at any desired fre- 
quency. If the loop gain has three poles before unity-gain crossover, this 
zero can cancel one of the poles. The net result is two poles before unity 
crossover. Any of the three poles can be canceled, although best results are 
usually achieved by eliminating the second pole. The third pole can then 
be made to coincide with unity-gain crossover, resulting in a 45° phase 
margin. With this technique, the circuit bandwidth may be increased by at 
least several octaves. If the new second pole occurs at unity-gain crossover, 
we can also connect the circuit up as a unity-gain amplifier without worrying 
about instability. As we shall see in Sec. 3.3, unity-gain amplifiers are diffi- 
cult to construct using op amps which have two or more poles before unity- 
loop-gain crossover. Even lead compensation will not work in some cases, 
as we Shall see below. 

Lead compensation is implemented as shown in Fig. 3.7A. A small capaci- 
tor C;is placed in parallel with the feedback capacitor Ry. No special op amp 
compensation terminals are required. The zero frequency is 


1 
fi z3 27R,Cy 


This compensation capacitor also inserts another pole into the loop gain at 
a frequency of 


(3.16) 


fo 7 Rh 7 cal; (3.10) 


where A,, is the noninverting circuit gain. 
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If the circuit gain is low, f, is not large with respect to f.. In this case the im- 
provement in stability may not be worth the effort, since f, almost cancels 
fp and the second op amp pole effectively moves up slightly to a new value 
fp. This is shown graphically in Fig. 3.7B for a circuit gain of 


R, + Ry _ 
R, 
Also shown in Fig. 3.7B is the ideal case where f, > fz. In this case the phase 


margin before compensation was less than zero. After compensation the 
phase margin became 45°. 
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Fig. 3.7 (A) Circuit with lead compensation. (B) Bode loop gain plot of circuit A be- 


fore compensation and after compensation (shown for high and low A,,). (C) Bode loop 
gain where we set f, > fop». 


It is possible in many cases, if the required circuit gain A,, is high, to set 
f. > fops by several octaves. This will increase the bandwidth even further 
than indicated above. It all depends on how close fop3 is to fop2. If they are 
widely separated and fj»; does not interfere with the zero f, we can set 
fz > fop2. The main criterion to watch for is that the slope of loop gain is 
—20 dB/decade as it goes through unity gain. This slope must have been es- 
tablished for several octaves before passing through unity gain. Figure 
3.7C shows the Bode plots of this type of lead compensation. 

If lead compensation is used to cancel out a pole caused by op amp input 
capacitance, a new pole is not created along with the zero. The reader should 
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compare the circuits in Appendix VI. The simple lead network with a re- 
sistive load has both a zero and a pole. When the resistive load is shunted 
with stray capacitance and we set R,C, = R,C;, the pole and zero cancel. 
The net effect is an all-pass transfer function with no poles and no zeros. 


LEAD-LAG COMPENSATION Design flexibility is enhanced if the designer can 
create a pole and a zero in the loop gain. Any of the lag circuits of Fig. 3.6 
can be used in conjunction with the lead circuit shown in Fig. 3.7 to manipu- 
late the loop-gain curve. Note, however, that the lag circuits create only one 
pole but the lead circuit creates both a pole and a zero. Several better ways 
to implement lead-lag compensation will be shown below. These methods 
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Fig. 3.8 Two possible ways in which independent lead and lag networks can increase 
stability. (A,B,C) Standard method. (D,E,F) Wide-bandwidth method. (G) Phase of 
Ai, for wide-bandwidth case. 


create exactly one pole and one zero. However, the pole is not independent 
of the zero. If one needs total independence of the pole and zero, the cir- 
cuits of Fig. 3.6 and 3.7 must be used. 

Figure 3.8 shows two of the possible ways lead and lag networks can be 
used to increase stability of a feedback circuit. In part A of the figure a loop- 
gain curve with a phase margin near zero is shown. A lead-lag network with 
a pole having a frequency lower than the loop-gain dominant pole fi, is 
shown in B. Figure 3.8C shows the effect on loop gain when the lead-lag 
compensation is included. The compensation network zero f, is chosen 
such that it exactly cancels the original dominant pole f,,;._ The compensa- 
tion pole f, ideally is placed slightly below fip: so that the second loop-gain 
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pole occurs right at unity-loop-gain crossover (or slightly higher in frequency). 

Since the lead-lag compensation pole and zero are not independent, it may 
not be possible to achieve both the main two objectives: pole-zero cancella- 
tion and fyi, at unity-gain crossover. However, we do have some design lati- 
tude on both these objectives. If we can allow the phase margin to be as low 
as 27°, we can let fi. occur up to an octave before unity-loop-gain crossover. 
We can also allow fj,2 to occur anywhere after unity-loop-gain crossover, but 
this is wasteful of the circuit capabilities. 

The placement of the zero also has some latitude. It does not have to ex- 
actly cancel the original dominant pole. Figure 3.8D, E, and F shows a case 
where f, > fip1. In this case closed-loop gains having bandwidths several 
octaves higher than in Fig. 3.8C are possible. The main thing one must 
watch for is that the zero f, = fi, is at least two or three octaves lower in fre- 
quency than unity-loop-gain crossover. It is a good practice, in complicated 
cases like this, to make phase plots for loop gain (before and after compensa- 
tion). Precise values for both gain and phase margins can then be deter- 
mined. The phase plot of A, shown in Fig. 3.8F is plotted in Fig. 3.8G. 
The phase margin for this particular compensation example is 39°. The gain 
margin is undefined because the phase lag never goes below —180°. The 
phase margin before compensation was zero, since the second-pole fip2 oc- 
curred 1, orders of magnitude below the unity-loop-gain crossover fre- 
quency. 

The three most common circuits which are used for lead-lag compensation 
are shown in Fig. 3.9. Each of these methods has advantages and disad- 
vantages when compared with the other two. We will find that circuit B 
has the best overall flexibility and performance. 

The circuit shown in Fig. 3.9A is a common method of compensation. 
The equations for the compensation pole and zero are 


1 


= 2 R,C, (3.18) 
1 
So = on (R, + RNC, (3.19) 


The major disadvantages of this method are: (1) one or two special compen- 
sation terminals are required on the op amp; (2) the pole and zero are not in- 
dependent; and (3) the resistance R, is not usually specified on the data 
sheet. The value of R, can be computed by solving Eq. (3.19) for R,: 


1 
 Inf,C, 
and correlating this with curves of frequency response on the data sheet. For 
example, the ~A709 data sheet indicates that f, = 1 kHz if R, = 1,500 0 and 
C.= 100 pF. Computing R,, we get 

1 


~ 6.28 x 10° x 107% 
— 159 MQ 


Re Fy (3.20) 


R, — 1,500 


Figure 3.9B shows a lead-lag-compensation circuit which requires no spe- 
cial op amp terminals. This method is called input lead-lag compensation. 
The zero frequency in this case is 


1 


= anR.C, (3.21) 
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Note that this is exactly the same zero-frequency formula as the first lead-lag 
circuit. The pole, however, for input lead-lag compensation is 


fia Ree 
> ~ 9nC.(R,R, + R,R. + RR, + B.R, + R,R,) 


We observe that the above pole is independent of any internal op amp re- 
sistance R,. This will help stabilize the pole frequency over temperature if 
high-quality external components are used. This means that the phase mar- 
gin will be more stable over temperature compared with a compensation 
method which relies on an intemal R,. 

Equation (3.22) indicates that f, depends on R,, R,, R,, R., and C,. The 
zero f, depends only on R, and C,. Thus f, can be made nearly independent 
of f,. R,, R,, and R, are determined by the closed-loop-gain requirements. 
The closed-loop gain is equal to R,/R,. R, is then computed from R, = 


(3.22) 


(C) 


Fig. 3.9 Three typical lead-lag-compensated op amp circuits. (A) Lead-lag compensa- 
tion of an internal op amp node. (B) Input lead-lag compensation. (C) Miller-effect 
lead-lag compensation. 
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R,R,/(R;+R,). R,;and R, can usually be varied over a wide range as long as 
the ratio R,/R, is equal to the required closed-loop gain. 

Op amp slewing rate depends on the location of the compensation network. 
The higher the signal level at the point of compensation, the more severely 
slewing rate is affected. If one is handling fairly large signal levels in the 
circuit and does not want slew-rate limiting to become worse than the basic 
op amp, input lead-lag compensation is recommended. At no point in the 
op amp circuit is the signal level lower than across the input terminals. This 
is an ideal place for compensation when slewing rate is a design concern. 

The last type of lead-lag compensation we will discuss is often called 
Miller-effect compensation. Figure 3.9C shows the general type of circuit 
involved in this method. Leads are brought out of the op amp from the input 
and output of an internal stage. This is often just the base and collector leads 
of a single common-emitter stage inside the op amp. Only one small capaci- 
tor C, across these terminals is required to produce lead-lag compensation. 
The zero created exactly cancels out the dominant-pole f,,, of the loop-gain 
function. The new pole created is at a frequency 


1 
So = FER,C,Ans (3.23) 
where R,. = output resistance at op amp at terminal A 
Ayo2 = voltage gain of op amp from terminal A to 


terminal B 
This method of compensation also gets rid of the second-pole f,,. of the loop 
gain. A mathematical analysis of the effect of C. on loop gain shows that fips is 
not canceled, but it shifts down in frequency and becomes the new f,. 

The main problem with Miller-effect compensation is the calculation of f,. 
Data sheets do not give values for R, and A,,.. However, curves of open- 
loop gain before and after compensation are available which allow us to 
determine stability margins. One could even compute the product R,A, 9 
from these data, but this is not as important as the effect on loop gain. Thus 
the curves are usually sufficient. 

A primary advantage of Miller-effect compensation is the fact that two poles 
are canceled out and one new pole created. The other two lead-lag-com- 
pensation schemes created one pole and one zero. Miller-effect compensa- 
tion would therefore be useful to stabilize wide-bandwidth op amps which 
have three or more poles above unity gain. Since the new dominant-pole f, 
depends on two op amp parameters (both of which are temperature-de- 
pendent), one must choose C. so that for the worst-case temperature ex- 
tremes an adequate phase margin is realized. Data sheets almost never give 
the user information regarding effects of compensation over temperature. 
When using any compensation scheme which depends on internal op amp 
parameters, a totally different approach to stability analysis must be used. 
The designer must either measure stability of all production circuits using 
the procedure outlined in Sec. 3.5 or must design a circuit with a very large 
phase margin. 


3.3 THE SEVEN MAJOR CAUSES OF 
OP AMP INSTABILITY 


The frequency-compensation techniques developed in the last section are 
usually sufficient to design stable op amp circuits. We also include this sec- 
tion and Sec. 3.4 for those circuit designs which still have instability prob- 
lems. These sections can be used by the more thorough circuit designers 
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who wish to consider every angle of stability analysis. Only in this way can 
one be sure the circuit will be stable under the worst set of conditions. This 
approach may be too expensive for some design tasks but is mandatory for 
others. 

There are many ways to list the causes of op amp instability. The seven 
causes presented here are grouped so that they are a practical system for op 
amp stability analysis. The designer does not have to follow the order pre- 
sented here, since any one of the seven causes can be the main cause of in- 
stability in a particular design. However, the order presented here closely 
parallels the normal design steps of an op amp circuit. Design and stability 
analysis should proceed in parallel. 

The seven causes of instability are as follows: 

Compensation recommended by op amp data sheet not used. 
Closed-loop gain too low for type (and amount) of compensation used. 
Excessive capacitive load on op amp. 
Incorrect phase lead/lag in feedback network. 
Excessive resistance between ground and op amp positive input. 
Excessive stray capacitance between op amp output and balance 
terminals. 

7. Inadequate power-supply bypassing. 
We will consider each of the seven separately in the pages to follow. There 
will occasionally be some overlapping among the first five, since these can 
all be analyzed using loop gain. Experienced designers, or those having 
computer-aided design facilities available, can handle the first five all at once 
with one large loop-gain formula. In this text, however, we will emphasize 
taking one at a time, since this gives us better visibility of the problem. 


dl ell a 


FIRST CAUSE OF INSTABILITY COMPENSATION RECOMMENDED BY DATA SHEET NOT 
USED This should be the first item to check in troubleshooting an unstable 
op amp circuit. A manufacturer's recommended compensation is the result 
of extensive testing with a large number of op amps. It should work for most 
applications if reasonable layout and bypassing are provided. If anything 
other than the standard inverting and noninverting amplifier is being de- 
signed, however, special precautions must be taken. The rest of this section 
will consider some of these special precautions. For the present, let us dis- 
cuss further the compensation recommended on op amp data sheets. 

The frequency-compensation networks given by a manufacturer are de- 
signed to provide stability for the full production distribution of their device. 
They usually have taken into account the unit-to-unit variation of open-loop 
gain, output resistance of compensation terminals, and phase shift at unity- 
gain crossover, and also the effects of temperature and power-supply voltage 
on these parameters. It would be too conservative to compensate for the 
worst-case variations of all op amp parameters at once, since some of them 
effectively cancel out the other’s effect on stability. For example, in some 
op amps when the gain drops with reduced supply voltage, the compensation- 
terminal output resistance also goes down. According to Eq. (3.15) (lag com- 
pensation) or Eq. (3.19) (lead-lag compensation), this will increase the fre- 
quency of the compensated loop-gain dominant pole. The phase-margin 
change will therefore be minimal, even though two parameters affecting it 
have changed substantially. 

If a de or low-frequency circuit is being designed, it might be a good idea 
to overcompensate. This is one way to be absolutely sure the full production 
run of circuits will be stable. This sort of “brute-force” approach works best 
for lag compensation and is summarized in the following rule of thumb: A 
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tenfold increase in compensation capacitance will provide ten times more 
stability and ten times less bandwidth. 

A corollary to the above rule of thumb might state: Compensation less 
than the data-sheet recommendation must only be done if one computes 
(and plots) the loop gain for the worst-case combination of variables. If the 
phase margin is still greater than 30°, using less than recommended compen- 
sation might be acceptable. 


SECOND CAUSE OF INSTABILITY — CLOSED-LOOP GAIN TOO LOW FOR TYPE (AND AMOUNT) 
OF COMPENSATION USED We have mentioned several times that some op amps 
cannot be operated in the unity-gain configuration unless they have been 
compensated in a special manner. We will now explore this problem in de- 
tail and outline a method which will allow any op amp to be operated with 
any closed-loop gain. 

This problem will be analyzed first graphically and then mathematically. 
In Sec. 3.1 we stated a rule of thumb which allowed a first-cut stability anal- 
ysis to be performed using plots of closed-loop gain and op amp open-loop 
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Fig. 3.10 Determining phase margin by using open- and closed-loop-gain curves. 


gain. Now that we have discussed loop gain, phase margin, and compensa- 
tion circuits, we can expand our use of that rule of thumb to determine mini- 
mum allowable gain for a circuit. The rule of thumb stated that if the rate 
of closure between plots of open-loop and closed-loop gains was 40 dB/ 
decade or less, the circuit would probably be stable. In place of closed-loop 
gain we can use 1/Ay;, since this simplifies the procedure. However, as we 
recall from earlier discussions, we should not use 1/A; actually to determine 
the closed-loop circuit gain. This will be a substitution which is completely 
accurate for stability analysis but is sometimes wrong when used to deter- 
mine closed-loop gain. 

Fig. 3.10 will be used to show how the graphical construction technique 
operates. Curve A is a typical op amp open-loop-gain plot. So that we can 
easily relate stability to closed-loop gain in this example, we will assume 
A;=. This is true for simple inverting and noninverting amplifiers which 
contain only two-terminal input and feedback networks (see Sec. 2.5). B,C, 
D, and E are plots of 1/Ay corresponding to closed-loop gains of 1,000(60 dB), 
100(40 dB), 10(20 dB), and 1(zero dB), respectively. For curve B the rate of 
closure is 20 dB/decade, which results in an absolutely stable circuit. Since 
the zero frequency in 1/A; is an order of magnitude above the point of inter- 
section, the circuit has a phase margin of approximately 90°. Curve C in- 
tersects at 20 dB/decade. However, the zero of 1/A; occurs at the same point. 
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The resulting phase margin is 45°. 
Curve D intersects at 40 dB/decade, 
which puts it on the threshold of oscilla- 
tion. Its phase margin is very close to 
zero, since 1/A,; occurs an order of mag- 
nitude lower in frequency than the 
intersection. Curve E intersects A at 
60 dB/decade and represents an un- 
stable circuit. The phase margin in this 
case is less than zero degrees. 

It is apparent from Fig. 3.10 that 
instability increases as closed-loop gain 
is reduced. The real cause of this in- 
stability is the zero in 1/A, and the sec- 
ond pole of A,. If the second pole of 
A, is canceled with compensation, the 
circuit could be stable down to a 20-dB 
closed-loop gain. As it exists, a mini- 
mum of 40-dB closed-loop gain is recom- 
mended. If additional compensation is 
utilized to increase the zero frequency 
of 1/A, by one or two orders of magni- Fig. 3.11 Standard amplifier circuits. 
tude, the circuit could be made stable (A) Inverting amplifier. (B) Non- 
down to unity closed-loop gain. inverting amplifier. 

We will now explore the mathematics 
of the foregoing comments and work out a method to compute accurately the 
minimum stable closed-loop gain. The formulas shown will apply only to 
the standard inverting and noninverting amplifier circuits. Determining 
minimum closed-loop gain for more complex circuits can be done using a 
similar approach. The closed-loop-gain formula of an inverting amplifier 
(see Fig. 3.11) is 


R —A 
A 3.24 
Fe -ene L AL IR, eR) 
For the noninverting amplifier the formula is 
we A, (3.25) 


1 + [R,A,/(R, + Ry) ] 


In both these equations A, is a positive real number at low frequencies. 
That is, A, is referred to the positive input terminal of the op amp. 
In Eq. (3.24) or (3.25), sustained oscillation is likely if 


eae ee i 
TRS ya Liz}]: 180° (3.26) 


From the op amp data sheet determine the op amp gain at the frequency 
where its phase lag is 180°. Call this gain A,. Oscillation now occurs when 


RA ee ‘ 
og eG Ls /A80 (3.27) 
From Chap. | we recall that 
Ae) i mo (noninverting) (3.28) 
ul 
and Ay = Bain so | (inverting) (3.29) 


R, 
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Therefore, the minimum closed-loop gains which assure stability (¢,, = 0) 
are 


pi tae gee at oe (noninverting) (3.30) 
A;.(min)=A;—1 (inverting) (3.08) 


If a phase margin ¢,, greater than zero is required, one must determine the 
new gain A, at the frequency where the phase lag is ¢,, less than 180°. This 
new A, is substituted into Eqs. (3.30) and (3.31) to determine minimum 
possible closed-loop gain. 

Now that we have both graphical and mathematical methods to determine 
minimum closed-loop gain, let us discuss ways to lower this minimum. In 
examining Fig. 3.10, we note that two changes can be made which will 
lower the minimum closed-loop gain: (1) The zero in 1/A, (pole in A;) must 
increase in frequency or be eliminated. (2) The second pole of A, must be 
increased in frequency or eliminated. Recalling all we learned in Sec. 3.2, 
the way to accomplish the two objectives above is to compensate. Depend- 
ing on the bandwidth required, we can use lag, lead, or lead-lag compen- 
sation. The reader is referred to Sec. 3.2 for ways to accomplish this goal. 
In Sec. 3.4 we will give specific examples of this procedure. 


THIRD CAUSE OF INSTABILITY — EXCESSIVE CAPACITIVE LOAD ON OP AMP. All oper- 
ational amplifiers have a finite output resistance R,. This resistance is a 
function of frequency and increases quite rapidly as the op amp gain ap- 
proaches unity. As output resistance is usually defined, it is effectively in 
series with the output terminal. Ifa load capacitor C, is connected from the 
output terminal to ground, a lag network is created. This lag network is in 
series with the feedback network; so it causes another pole in the loop gain. 
If the pole frequency of this lag network is near gain crossover, the phase 
margin of the circuit will be reduced. In practice it is best to keep this pole 
frequency at least two to ten times larger than the loop-gain crossover fre- 
quency. One method of doing this is by controlling the size of C;. 

Suppose the maximum output resistance R, is 500 0 at 1 MHz. If 1 MHz 
is also the loop-gain crossover frequency and the phase margin is 20°, the 
phase lag caused by R, and C, must be not more than a few degrees at 1 MHz. 
If we choose C, such that the pole frequency of R, and C, is 10 MHz, then 
the phase shift they cause at 1 MHz will be 6° (see the phase plot of a simple 
lag network in Chap. 2). Solving for C,, 


i eee ae alate 
»” 9afR,  (6.28)10" x 500 
= 32 pF (not very much!) (3.32) 


Thus op amps with small phase margins and a large output resistance will 
oscillate if they drive much of a capacitive load. For refined calculations we 
must also include the effect of load resistance R, and feedback resistance Ry. 
The real pole caused by C, must be calculated using R, in parallel with R, 
and R,. Usually R, is much smaller than the other two; so R; and R; can be 
neglected. 

As might be expected, a large capacitive load also decreases circuit band- 
width. Figure 3.12 shows a family of curves which indicate how increasing 
C, lowers bandwidth as it increases instability. The peaking of the closed- 
loop response is an indicator of instability. In Sec. 3.5 we will show graphi- 
cally the relationship between closed-loop peaking and phase margin. 

If C, cannot be reduced, a circuit modification as shown in Fig. 3.13 will 
handle any size of capacitive load. The mathematics of this circuit is very 
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Fig. 3.12 Curves showing how increased load capacitance affects both instability and 


bandwidth. 


complex, but we will show a simplified method to determine component 
sizes which will get us started. Then the stability test procedure to be shown 
in Sec. 3.5 can be used to place the phase margin accurately at any desired 
value. 

In Fig. 3.13, the lag network composed of R,, Ry, and C, creates a pole in 
the loop gain. The frequency of this pole is approximately 


ae et ee 
P In(R, + Ro)C, 


The components C, and R, likewise form a lead network. This places a zero 
in the loop gain at an approximate frequency of 


1 
fe = QrR,C, 
The object is to make the zero cancel out the pole. Setting f, =f., we find 
that the compensation capacitor Cy required is 
CHA aK 
Cy= ClBe + hel (3.35) 
Ry 
In practice R, is chosen to be 50 to 500. Higher values will tend to increase 
the closed-loop output resistance. 
This method of compensating for large C;, has one drawback. It will work 


(3.33) 


(3.34) 


Re 


Fig. 3.13 Op amp circuit which will handle large capacitive loads without reducing 
phase margin. 
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satisfactorily only for op amps which are stable at unity gain. This can be 
achieved by using lag compensation, lead-lag compensation, or an op amp 
with this inherent capability. Many op amps, such as the 741, are stable at 
unity gain. These types of op amps are identified by the fact that the second 
pole occurs at unity-gain crossover. 


FOURTH CAUSE OF INSTABILITY — INCORRECT PHASE LEAD/LAG IN FEEDBACK NETWORK 
Many op amp circuits possess a phase lead or lag in the feedback network 
even though the designer did not plan it that way. Phase lead can be caused 
by stray capacitance across the feedback resistor. This type of stray capaci- 
tance can also occur in printed-circuit boards if the copper trace from the 
op amp output is too close to the input, or vice versa. 

Phase lag in the feedback network is troublesome in amplifiers which 
require a large feedback resistor—i.e., FET op amps, high-gain-high-input- 
resistance inverting amplifiers, etc. In these cases the input resistor is large. 
The feedback resistor is even larger if the circuit is to have gain. The feed- 
back resistor and input capacitance form a 90° lag network. The corner 
frequency of this lag network must be at least ten times the unity-loop-gain 
frequency in order to not subtract more than 6° from the phase margin. 

Since unwanted phase lag in the feedback network is most likely to cause 
instability, we will concentrate on it. There are actually three stray capaci- 
tances which must be considered at the op amp input terminals. Figure 
3.14A shows that we are considering the stray capacitances from the input 
terminals to ground (C, and C;) and also between the input terminals (C,). 
The feedback factor A; is approximately 


RyC3[s + (1/RpC3)]/RFC.(C2 + C3) 
[s + (1/R,C,)]{s + [1/R,(C, + Culh 


R,C,[ jf + (1/27R,C3)]/R?C,(C, + C3) 
~ Qa if + (1/27R,C,) {if + [1/27R,(C, + C3)]} 
where R,R; 
Domine he 


A; = 


(3.36) 


We note that these stray capacitances have caused two poles and a zero in 
the feedback factor. We can make several comments regarding Eq. (3.36) 
if we assume some component values such as C, = C, = C; and R;= 3R, 
(closed-loop gain R,/R, = 2). In this case the two poles will be one-half and 
one-third the frequency of the zero. Since the poles occur first, and there 
are two of them, A; will have a substantial phase lag at all frequencies near 
these poles and the zero. 

A solution to this excessive phase lag is to create another zero in Ay. This 
can be accomplished in several ways. One approach is lead compensation. 
If we put a small capacitor C; around the feedback resistor, we get 


C3C,Lif + (1/27R,C3)] Lif + (1/27R,C,)] 
(C, + C,)(C. + C3) {if + [1/2aR,(C, + C,)] }{if + [1/27R,(C, + C)]} 
(3.37) 


All these poles and zeros are fairly close together in frequency; so pole-zero 
cancellation is possible. However, the required capacitance of C; is very 
small. For example, if Ry = 1 kN, R;= 10 kN, C, = C, = C,; =5 pF, then the 
required C; is in the range of 0.5 to 0.9 pF. These two values depend on 
which pole we attempt to cancel out. In either case, stray capacitance around 


A;s= 
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the feedback resistor will be perhaps half of any Cy we attempt to install. 
The phase-margin testing procedure outlined in Sec. 3.5 is required after 
using this type of compensation. 

Another approach to the problem is to use input lead-lag compensation. 
Utilizing the circuit of Fig. 3.14B, we get 


— [RiR./(R,R;+ R,R. a R,R, ae R,R, a R,R,)] Ries (1/27R.C.)] 
gf + ((R, + R,)/27C(R,R, + RR, + RiR, + RR, + R;,R,)) 


The following assumptions were made to derive Eq. (3.38): 

1. The effects of stray capacitances can be neglected, since the unity- 
loop-gain crossover is one or two orders of magnitude lower after compensa- 
tion (see Fig. 3.8). This is possible only if Ry; is not too large. Check to see 


A (3.38) 


Ce 


(B) 
Fig. 3.14 Stray capacitances at input of op amp which can cause unwanted phase lag. 
Stray-capacitance cancellation is possible using lead compensation A or lead-lag 
compensation B. 


that f = 1/27R,C, (where C, = a typical stray capacitance) is at least several 
octaves above the new unity-loop-gain crossover frequency. 
2. Op amp input resistance is much larger than R, and R,. 


FIFTH CAUSE OF INSTABILITY—EXCESSIVE RESISTANCE BETWEEN GROUND AND OP 
AMP POSITIVE INPUT A closer examination of the mathematics which derived 
Eq. (3.36) reveals another possible pole in the loop gain. This pole is caused 
by a special set of conditions which only some designers will have. If the 
op amp has a fairly low input resistance and the input resistor is large (> 10 
kQ), this extra pole may occur near unity-loop-gain crossover. The problem 
is compounded because op amp input resistance decreases an order of magni- 
tude or more at frequencies near its unity-gain crossover. It is not worth- 
while to expand Eq. (3.36) here to show the effect of low R; and high Rp, 
since the mathematics gets too involved. We will merely outline the steps 
required to analyze and solve this potential problem. 
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The problem may cause excessive lag in loop gain if: 
1. Op amp input resistance R; is ten times Ry or smaller at op amp unity- 
gain crossover. 
2. R, is large (> 10 kQ)). 
The solution to this problem is simple—bypass the positive op amp input 
to ground with a capacitor C: 


= 10 
27f Rp 


where f, is the op amp unity-gain-crossover frequency, and R, = R,Rd 
(RiP Ry): 

Some designers may wish to calculate the effect of R, on loop gain. Re- 
ferring to Fig. 3.3 and the accompanying text, we note that R, can be lumped 
in with other parts in the computation of A; This procedure can also be used 
to determine the effectiveness of the bypass capacitor across R >. 


(3.39) 


SIXTH CAUSE OF INSTABILITY —EXCESSIVE STRAY CAPACITANCE BETWEEN OP AMP 
OUTPUT AND BALANCE TERMINALS Many op amps have one of their balance 
terminals right next to the output terminal. For example, the 101 output 
terminal is pin 6 and one of the balance terminals is pin 5 (TO-99 package). 
This particular balance terminal has a signal which is of the same polarity 
as the output terminal. If any excessive stray capacitance exists between 
these terminals, a slight amount of positive feedback is possible. As this 
stray capacitance gets larger, the loop phase margin is lowered. Experiments 
with the 101, for instance, revealed the following: Starting with a compensa- 
tion which produces a phase margin of 45°, different small capacitances were 
placed between pins 5 and 6. It was found that */, pF reduced the phase 
margin to 34°, 1 pF to 32°, and 1'/, pF to 30°. These are substantial reductions 
to the phase margin from such an unlikely source. 

Stray capacitance between balance and output terminals usually occurs 
because the designer thinks the balance terminal is a dc-adjustment terminal. 
The balance wires (or traces on a printed-circuit board) may run 6 or 8 inches 
to a potentiometer which is used for the de balance. The output terminal 
may follow the same route. Under these conditions several picofarads 
stray capacitance between terminals is possible. 

The balance terminals must be treated like any wire in the signal path. 
Wire lengths should be kept short, and their placement relative to other 
wires should be carefully studied before artwork on a board is firmed up. 
Multilayer boards with ground planes between layers of signal traces are 
recommended. Some manufacturers recommend placing a 0.1-~F capacitor 
between balance terminals when they are used. If the balance terminals 
are not required, they can be tied together. 


SEVENTH CAUSE OF INSTABILITY—INADEQUATE POWER-SUPPLY BYPASSING This 
problem is seldom handled with feedback analysis, although it can be done 
if sufficient data are available. Few designers resort to an analysis, however, 
since a few rules of thumb are sufficient for all but the very exotic applications 
of op amps. These rules are: 

1. Bypass the positive and negative power supplies with capacitors to 
ground. 

2. These bypass capacitors can be 0.01- to 0.1-4F ceramic capacitors in 
most op amp (f, ~ 1 MHz) applications. 

3. High-speed (wide-bandwidth) op amp circuits and those using feed- 
forward compensation should be bypassed with low-inductance capacitors 
at each op amp on both supply leads. 
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4. Bypass at least once per card (both + and — supplies) or every 3 to 
5 op amps, whichever comes first. 

5. Extra bypassing is required for op amps driving high-capacitance 
oads. 

6. A large tantalum capacitor (~ 22 uF) on the negative supply to ground 
is recommended at least once per board. This is not usually required for 
the positive supply. 

7. High-current buffers driven by op amps require additional bypassing 
so that transients will not get back to the op amp. At least 0.1 wF ceramic 
per 50 mA is recommended. 


3.4 FEEDBACK-STABILITY-DESIGN EXAMPLES 


We will now present the stability-design portion of several op amp circuit 
designs. The discussion will be centered around the first five causes of 
instability and the various compensation schemes presented in Sec. 3.2. 
The last two causes of instability are not easily subject to analysis and rely 
mainly on rules of thumb based on experience. 


FIRST FEEDBACK-STABILITY EXAMPLE—NONINVERTING AMPLIFIER WITH GAIN OF 10 
As our first example, let us design a circuit with a gain of 10 and using the 
101A op amp. We will determine the widest possible bandwidth using 
standard compensation techniques shown in this chapter. The main stability 
criterion we will require is that a phase margin of 45° is guaranteed at room 
temperature using typical 101A parameters. A true worst-case design might 
allow the phase margin to be only 30° when all parameters go to their worst- 
case limits simultaneously. We will not go into that depth in this example. 

A good starting point is to make plots of the 101A open-loop gain and phase 
using minimum recommended compensation. Figure 3.15A and B shows 
these plots. For those interested in detailed mathematical calculations to 
supplement the graphical approach used here, we find the op amp gain 
equation as follows: 

1. The two poles give us denominator terms such as jf + 40 and jf + 
pox 10°. 

2. Multiply the numerator by these pole frequencies. 

3. Multiply the numerator by the op amp dc gain (1.6 x 10°). 

4. The op amp gain as a function of frequency becomes 


(AOC 2 LOO LG 10° 
(if + 40) (jf + 2 X 108) 

ty eso: 10" 

~ (Gf + 40) jf + 2 x 108) 


The first-cut circuit is shown in Fig. 3.16A. Minimum compensation 
requires a 3-pF capacitor between the compensation terminals. Referring 
to Sec. 3.2, we note that this is lead-lag compensation of the type shown in 
Fig. 3.9C. The pole defined by Eq. (3.23) is at 40 Hz. It need not be com- 
puted, since the data-sheet plot for minimum compensation is given. 

Let us assume the circuit must have an input impedance of 100 kQ. The 
input resistor R, must then be 100 kQ.. Fora gain of 10 the required feedback 
resistor is 1 MQ. According to Eq. (3.5) the feedback factor is 


R LO: 


= es a 2 Ea eS eb in —_— — 
B=A,= BSR = Tor + 108 = 9:0909 = 208 dB 
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Fig. 3.15 (A) LMI01A open-loop gain and loop gain. (B) LM101A open-loop phase 
and loop phase. 
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To obtain the loop gain we must subtract 20.8 dB from all points on the op 
amp gain plot. Figure 3.15A shows the result in short dashed lines. The 
unity-loop-gain crossover frequency is 600 kHz. The phase lag at this fre- 
quency is 110°, which makes a phase margin of 180°—110°=70°. The 
amplifier appears to be very stable indeed. 

Let us add a few practical considerations to the circuit and see how much 
the phase margin is reduced. First we consider the effect of load capaci- 
tance. The op amp data sheet shows an approximate output resistance R, of 
100 0 near unity-loop-gain crossover. We will assume a load capacitance 


Fig. 3.16 Inverting amplifier using 101A op amp with a gain of 10. 


C, of 300 pF. Referring to Eq. (3.32), we see that because of R, and C; anew 
pole is created at a frequency of 


Fae Shs: haze l 
* 8 RC; 6628 ~ UP SS6 107? 


This pole is added to the loop-gain plot in Figure 3.15A. No change in unity- 
loop-gain crossover frequency is observed. However, at that frequency the 
phase plot in Fig. 3.15B shows that approximately 5° has been subtracted 
from the phase margin. This makes the phase margin 65°, which is still 
very good. The transfer function for R, and C, is A, =5 x 10°/(jf +5 x 108). 
This term will be incorporated into the final loop-gain equation after all other 
factors in the loop gain are computed. 

Next we compute the effects of stray capacitance across the op amp input 
terminals. Assume the combination C, of op amp input capacitance and 
stray capacitance across the input adds up to 5 pF. The circuit composed 
of R,, R,, and C, (with V; = 0) perfectly matches one of the classical circuits 
shown in Appendix VI. The feedback factor for this circuit is 


einen Gates 
~ if + [Ry + R)/2nR,R,C,] 

~ if + [(105 + 10°)/6.28 x 105 x 10® x 5 x 1077] 
31.500 

~ if + 350,100 


This new pole in the loop gain is shown in Fig. 3.15A. The loop gain now 
becomes unity at about 400 kHz instead of the original 600 kHz. The phase 


= 5.5 MHz 


As 
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plot is also drastically changed, and at 400 kHz the loop phase lag is 150°. 
The phase margin is therefore 180° — 150° = 30°. This phase margin is 15° 
less than the goal stated in the opening paragraph of this section. We must 
carefully examine the reasons for not achieving this goal and work out a way 
to overcome this potential instability problem. 

The capacitance across the op amp input in combination with the 1-MQ 
feedback resistor are the real cause of the problem. We could assume a 
smaller capacitance, but a value lower than 4 pF is not reeommended. The 
data sheets of many op amps specify a 3-pF maximum input capacitance. 
The printed-circuit board must be extremely well laid out to keep stray 
capacitance below 1 pF. For these reasons 5 pF is areasonably conservative 
value for C,. 

The feedback resistor is the next likely candidate in our attempt to restore 
stability. If R, is reduced to 500 kQ (and R, is reduced to 50 kQ), the pole 
caused by R, and C, increases to 600 kHz. The unity-loop-gain crossover 
then returns to 600 kHz. The loop-phase plot also moves slightly to the right. 
However, a close examination reveals that the phase margin is still approxi- 
mately 30°. In addition to this problem, the circuit input impedance has 
been lowered to 50 kQ. 

Additional compensation can restore the phase margin to 45°. The only 
problem is to decide which method is optimum. We will briefly tabulate 
several options and then try the one which looks most promising. 

1. Lead compensation: If we add a small capacitor across R,, a zero is 
added to the loop gain. This zero is calculated so that it cancels the pole 
caused by R; and C,. The closed-loop bandwidth will remain essentially 
unchanged. 

2. Input lead-lag compensation: By inserting a series RC circuit across 
the op amp input terminals, we can create both a pole and a zero in the loop 
gain. The pole is at a lower frequency than the zero, as shown in Fig. 3.8E. 
The zero must be placed at a frequency several octaves below the pole 
caused by C, and R;. Likewise, the new compensation pole must be at least 
several octaves lower in frequency than the above zero. This increases 
phase margin but reduces closed-loop bandwidth. 

3. Increase C. compensation: If C. is increased, the dominant pole of 
loop gain is reduced in frequency. This makes the second pole occur closer 
to unity gain, causing the phase margin to increase. The closed-loop band- 
width is also reduced. 

Of these three options, only the first does not decrease the closed-loop 
bandwidth. We will therefore use lead compensation to stabilize the ampli- 
fier. The instability is caused by the 350-kHz pole owing to C, and R; The 
zero from the lead compensation must be placed at this same frequency. 
Since Ry and f, are fixed, we solve for C,: 


1 1 
— Qnf,R, 6.28 x 3.5 x 10° x 108 


The plot of loop gain will now look identical to the plot before C, was con- 
sidered. The new value of A; is again 
R, LO: 
AS ee 00009 
‘Ri +R, 104+ 10 

The phase margin is restored to 65°, showing that the 1.6-pF capacitor is 
sufficient to restore stability. 

We must still consider the fifth cause of instability, namely, the resistor R, 
between the op amp positive input and ground. The size of this resistor is 


ee 1.6 pF 
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90.9 kQ. In most cases if R, is below 10 kQ, the designer need not worry 
about it. If R, is too large, either it can be bypassed or Cycan be made slightly 
larger. In the generation of the total loop-gain equation, R, merely adds to 
R; (see Sec. 3.1 under Development of the Loop-Gain Equation). The new 
value for A, (assuming R, is unbypassed) is 
aa ee en 
ee, OP LOOT 

A recalculation of the pole caused by C, shows it is now 347.7 kHz. Since 
the pole changed only 3 kHz, it is unlikely C, will need to be changed. 

We can now compute the final loop-gain equation. It will be the product 
of op amp gain, the transfer function A; caused by R, and C_, and Ay, 


Loop gain = A,A,A, 


___-:i128 10" 0.084 + 3.5 x 10°) 5 x 10° 
(jf+40)\jf+2x 10%) jf+35x10° jf+5~x 10° 
Dios oe 


~ Gf + 40)(Gf + 2 x 10%)(jf + 5 x 108) 


SECOND FEEDBACK-STABILITY EXAMPLE—WIDE-BANDWIDTH UNITY-GAIN INVERTING 
AMPLIFIER The procedures presented in this chapter are especially useful for 
difficult design problems. As an example of a difficult design problem we 
will look at the stability of a unity-gain amplifier capable of 10-MHz operation. 
The circuit input resistance is to be 10,000 2. After data sheets of several op 
amps are examined, the “A702 (Fairchild) is chosen. Its data sheet shows 
that if compensation is used as shown 
in Fig. 3.17, a unity-gain 20-MHz cir- Re 
cuit is possible. This is a good 
margin above the required 10-MHz 
bandwidth. 

We start by making accurate plots 
of open-loop gain and phase for the 
wA702. Figure 3.18A shows the gain 
plot obtained from the data sheet. 
This device has three poles before 
unity-gain crossover, and their esti- 
mated locations are 0.7, 4, and 40 
MHz. Figure 3.18B shows how we 
can graphically obtain the phase Fig. 3.17 Recommended compensation 
plot when it is not shown on the data for pAT02 if unity-gain 10-MHz operation 
sheet. The dashed lines show the _ 38 Tequired. 
90° lag plot for each pole. The —45° 
point for each of these plots correspond to the pole center frequency. The 
slope of the phase plots is —45° per decade for one decade above and below 
the pole frequency. The slope is zero elsewhere. The phase plot for the op 
amp is drawn by merely adding the contributions from each pole at each 
frequency. 

We next determine the effect of the 50-pF lead-compensation capacitor 
on the op amp gain plot. According to the data sheet this capacitor cancels 
out the second pole f,,». The resultant open-loop gain with only this capaci- 
tor installed is shown in Fig. 3.18A (dashed lines). Referring to Eq. (3.31), 
we note that the minimum closed-loop gain (for @», = 45°) is now A, — 1= 
32 dB— 1=39.8— 1= 38.8, whereas before compensation the minimum 
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Fig. 3.18 (A) Compensating the “A702 gain. (B) Compensating the 4A702 phase. 


gain was A, — 1=52 dB— 1 = 398 — 1= 397. This is getting closer to our 
goal, but more compensation is required to allow unity closed-loop gain. 

Figure 3.17 shows that the data sheet also recommends input lead-lag com- 
pensation. We will now compute and plot the effect of this additional com- 
pensation on open-loop gain. Equation (3.21) is used to compute the zero 
frequency. 


Pcs! Sieenrae nie rece 
*"" 2R-C. (6.28)(200)(10-°) 


This is very close to the open-loop dominant pole of 700 kHz; so the two will 
cancel. The new dominant-pole frequency is found by using Eq. (3.22). 


= 795 kHz 


FEEDBACK-STABILITY-DESIGN EXAMPLES 3-33 


ae R, + R; 
> I9nC.(R,R; + RiR, + RiR, + RR; + RpRB;) 


tbe hee eae Ue 
625.010 "(10 <x 10% +. 10* x 200 +: 10* x. 500 + 200.<°10*-F 500°*« 104) 


= 27.9 kHz 


The effects of this new pole and zero are plotted on Fig. 3.18A (dotted line). 
The second pole now occurs close to unity-gain crossover, making A, = 4 dB. 
The minimum gain for a phase margin of 45° is now Aw— 1=4 dB-—1= 
1.58 — 1= 0.58, which is less than unity. It appears at this point that the 
compensation recommended by the data sheet is adequate. Next we look 
into the third, fourth, and fifth causes of instability before the stability analysis 
is complete. 

We will now determine the load capacitance, which will decrease the phase 
margin by, say, 6°. Before we do this, however, we must find the approxi- 
mate frequency of unity-loop-gain crossover. This requires us to estimate 
loop gain. Assume for the present that the feedback network R, and R; has 
no stray capacitance and hence no phase lag. The feedback factor Ay, is 
therefore R,/(R, + R,;) = 10*/2 x 10*'=0.5=—6 dB. The loop gain is A, times 
the op amp open-loop gain A,. This means that we merely subtract 6 dB 
from all points on the totally compensated plot shown in Fig. 3.18A. This 
new plot is shown in Fig. 3.19A. The corresponding plot of loop phase is 
shown in Fig. 3.19B. The second pole now occurs below unity gain, which 
will give us good loop stability. Since the loop-gain crossover is at 32 MHz, 
the phase margin is 180 — 130= 50°. This is close to the ¢,, = 45° deter- 
mined above. 

An accurate plot of a pole (see Chap. 1) shows a phase lag of 6° at a fre- 
quency ten times lower than the pole. If we want the load capacitance C, 
to diminish the phase margin by no more than 6°, we must make [using Eq. 


(3:32)] 
erty w 
27(10f,)R, 


where f, = unity-loop-gain crossover frequency 
R, = op amp output resistance = 200 


C.= 


In other words, the pole caused by R, and C, must be at least ten times the 
frequency of unity-loop-gain crossover to cause less than 6° reduction in 
phase margin. This would reduce the phase margin to 50 — 6 = 44°. Cal- 
culating C,, we get 


l 
~ 6.28 x 10x 3X 107 xX 200 


This is such a small load capacitance that we should probably take a different 
approach. Suppose our load is guaranteed to be less than 25 pF. What re- 
duction in phase margin will this cause? Again using Eq. (3.32), we get 


yf SES Naa ney A ia asd oan 
aD ae Ee (et OR ROY ee LO 


If we plot this additional pole on Fig. 3.19A, we note that unity-gain cross- 
over is still at 32 MHz. However, the phase plot from about 4 MHz and 
higher is picking up the lag due to two poles. By the time 32 MHz is reached, 
the phase margin is only about 5°. This is a very poor phase margin. 


= 2.65 pF 


Cy 


= 32MHz 


3-34 FEEDBACK STABILITY 


80 


I9.2kHz 27.9kHz 


60 


Cc=lOOOpf and Re=200 2 


With C.=25pf 


IOK |OOK IM IOM IOOM 
Frequency, Hz ————> 


(A) 


30 


Due to 27.9 kHz pole(compensation) 
SS 


SS 
vi ss 
Due to new 


Ss 
14.2kHz pole N 


~S 
-60 


OO) 


Due to op amp pole at 40 MHz 


| 
~ 
.o) 


Phase, deg 


IOK |OOK IM 1OM |IOOM 
Frequency, Hz 


(B) 


Fig. 3.19 (A) Final compensation for wA702 gain. (B) Final compensation of wA702 
phase. 


We could specify that C, shall never go above 5 or 10 pF, but that severely 
restricts the utility of the amplifier. Perhaps we can increase $m by reducing 
the closed-loop bandwidth to approximately 10 MHz. We cannot merely 
increase C.. to reduce bandwidth in Fig. 3.18A, since C, will reduce the fre- 
quency of the compensation pole and zero. The resultant phase margin 
would not change. We must find a way of reducing the pole frequency by 
2 without appreciably affecting the zero frequency. This can be done by 
doubling C, and dividing R, by 2. The zero frequency remains unchanged 
while the new pole becomes [see Eq. (3.22)] 
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= LOS S103 
6.28 x 2 x 1079104 x 104 + 104 x 10? + 104 x 500 + 10? x 104+ 500 x 104) 


= 14.2 kHz 


So 


The new loop-gain plot is shown with a dotted line in Fig. 3.19A. The unity- 
loop-gain crossover frequency becomes 13 MHz. The phase plot of Fig. 
3.19B is changed only for frequencies near the new f,. The phase lag near 
unity-loop-gain crossover is not affected. Therefore, the phase margin is in- 
creased to a value of 180 — 137 = 43°. 

The effects of stray capacitance across the op amp input terminals will 
now be considered. In previous sections we showed that this stray capaci- 
tance C, in combination with the feedback resistor creates another pole at a 
frequency of f, = %27R,C;. With input lead-lag compensation this pole is 
no longer present. The impedance of R, and C, is so low at frequencies near 
loop-gain crossover that any stray capacitance up to about 30 pF is swamped 
out. The effects of R, on loop gain are also minimized for this same reason. 
The fourth and fifth causes of instability need not be considered further. 


3.5 FEEDBACK-STABILITY MEASUREMENTS 


A good designer never relies on a paper design of a circuit but instead al- 
ways does extensive testing of all circuit parameters and if time is available, 
does many of these tests with worst-case environments and/or part-parameter 
variations. Feedback stability is probably the most important circuit pa- 
rameter. It can totally disable an op amp circuit for quite a few reasons. 
Some of these reasons are quite straightforward and can be quickly analyzed. 
Other reasons for instability may be difficult to predict and also difficult to 
analyze. It is therefore mandatory that a good op amp circuit designer know 
at least two or three stability-testing methods. The number of methods he 
uses for any particular circuit will depend on the time available and the de- 
gree to which the designer wants to understand the circuit. We will present 
three methods of measuring stability in this section. 


LOOP-GAIN MEASUREMENT METHOD A designer who wants to verify each loop- 
gain calculation can measure the transfer function of each portion of the loop. 
Several of these measurements are quite difficult, but the effort always re- 
sults in greater understanding of circuit operation. 

Most op amp oscillation problems occur at frequencies between 10 kHz 
and 10 MHz. Some wide-bandwidth op amps have problems up to 100 MHz. 
The equipment required for measuring transfer functions affecting loop gain 
is as follows: 

1. Sine-wave generator capable of 1 kHz to 10 MHz (or more). This 
generator should have a constant output amplitude over frequency. 

2. Dual-beam or dual-trace oscilloscope. This oscilloscope should have 
the capability of showing the precise phase relationship between two in- 
puts. That is, both traces should be triggered by one input. A low-capaci- 
tance (< 10-pF) probe should be used. 

The op amp open-loop gain as a function of frequency can be measured by 
several methods. Op amp manufacturers have published many circuits for 
performing this test in various application notes. This is a difficult test at 
frequencies below 100Hz, since the low-frequency op amp gain is so high. 
For this reason the gain test is usually restricted to frequencies above 1 kHz. 

The change in loop gain due to a load capacitance can be determined by 
running the above test with a load capacitance installed. The op amp output 
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resistance changes substantially at frequencies near its unity-gain crossover. 
Therefore, this test should not be made with a simulated R, but must include 
the actual R, of the op amp. The transfer function due to R, and C, can be 
obtained by subtracting (on a dB scale) the op amp gain plot from the op amp 
plus C, gain plot. Be sure to include the oscilloscope probe capacitance in 
the value recorded for C,. 

The transfer function for the feedback network must be made very care- 
fully. The phase lag under investigation may be caused by only a few pico- 
farads of stray capacitance C,. The oscilloscope probe may have more input 
capacitance C; than the stray capacitance being simulated. If one has an 
oscilloscope probe with the same input capacitance as the C, to be simulated, 
the probe can be used in place of the simulated C,. Ifthe probe capacitance 
is higher than C,, the probe effects must be subtracted from the transfer- 
function plot. Assume that the measured transfer-function pole frequency 
is fp = YewR,;C, where R, is the feedback capacitor and C=C,+C;. If we 
know f,, Ry, C;, and C;, the pole frequency f; without C; is computed from 
fi, = YorR,;C,, where C, = 1/(27f,Ry) — C;. It is a good idea to run this test 
on the circuit board using the actual R;, C,, and op amp. The op amp should 
have power applied, but the side of R; normally connected to the op amp out- 
put should be disconnected. The generator then drives R; at this point and 
the low-capacitance probe is attached across the op amp input. If too much 
difficulty is experienced with this test, the probe should be connected to the 
op amp output and the op amp plot subtracted from the results of this test 
(on a GB scale). 


20 
regs 
ao) 
2 
ae 
® 
QO 
5 
O 


Zo 50 fie, 
Phase margin, deg ———> 


(A) 


Relative gain 


Frequency 


(B) 


Fig. 3.20 Closed-loop ac method for determining phase margin dm. (A) Phase margin 
as a function of closed-loop peaking. (B) Frequency plots showing how peaking is 


defined. 
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CLOSED-LOOP AC METHOD Closed-loop measurements are much easier to 
perform than open-loop measurements. The only problem with closed-loop 
measurements is that one cannot isolate a problem down to a specific part 
very easily. The ease of a closed-loop measurement, however, more than 
outweighs this small disadvantage. 

The ac method requires a sine-wave generator and an oscilloscope. The 
generator must be capable of frequencies at least twice the closed-loop band- 
width. Likewise, the oscilloscope must not appreciably attenuate fre- 
quencies of the same magnitude. The method will work for either inverting- 
or noninverting-amplifier configurations. 
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Fig. 3.21. Transient-overshoot method for determining phase margin ¢,. (A) Curve 
showing approximate relationship of ¢,, to percent overshoot. (B) Overshoot curves 
showing how percent overshoot is defined. 


The closed-loop ac method gives us approximate phase margin once we 
determine the magnitude of closed-loop peaking. Figure 3.20A shows the 
approximate phase margin as a function of closed-loop ac peaking. Figure 
3.20B shows how closed-loop peaking is defined. Each curve shown repre- 
sents a different damping factor ¢. The frequency f, is the frequency at which 
the circuit will oscillate if £ = 0 (i.e., ifthe phase margin }m = 0). This family 
of curves are graphical representations of the formula 


Avo 


\Avel = T= PPD E + ACPI 


(3.40) 
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where [Ay] = magnitude of closed-loop gain 
Ayo = Op amp open-loop gain at de 
fn = frequency of peaking or frequency of 
oscillation if dm =0 
¢ = damping factor 
Use of Fig. 3.20A to determine phase margin has several limitations: 
1. The frequency of the op amp dominant pole must be more than a 
decade lower than the intersection frequency of closed- and open-loop plots. 
2. The third pole of op amp open-loop gain (if any) must be at least two 
octaves higher in frequency than the second pole. 

If these conditions are not met, the ac method can still be used to observe 
relative stability. The relationship between ¢, and closed-loop peaking 
will not be right, but one can still determine roughly how close the circuit is 
to instability. It is simple to add C, and C; and watch the peaking grow until 
the circuit finally breaks out into oscillation. 


TRANSIENT-RESPONSE METHOD The fastest method for determining phase 
margin is by observing the transient overshoot. Because this method is quick 
and easy to set up, it is best suited for production-line testing of circuit sta- 
bility. This method has the same two limitations as the ac method; it is 
accurate only for two-pole response and the poles must be widely separated. 

The relationship between transient overshoot and phase margin is shown 
in Fig. 3.21A. In Fig. 3.21B we show how overshoot is defined. Suppose 
we let the steady-state value of the output be 100. The percent overshoot is 
merely the difference between the peak value and 100. 

Transient-overshoot measurements must be made at a low level. The 
peak output voltage should be less than 100 or 200 mV to avoid slew-rate 
limiting. 

The transient-response method is ideal for experimentally determining 
such things as maximum C,, maximum R;, minimum gain, and C, associated 
with different printed-circuit layouts. 
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Chapter 4 


Amplifiers 


INTRODUCTION 


Amplifiers are the most widely utilized application for operational ampli- 
fiers. We will cover eight of these applications in this chapter. Differential- 
mode applications will be explored separately, in detail, in Chap. 9, as they 
are such an important class of amplifiers. Since the inverting amplifier is 
the fundamental building block of most analog systems, it will be covered 
first with a numerical example worked out in detail. Other basic circuits 
such as (1) the noninverting amplifier, (2) the current amplifier, (3) the cur- 
rent-to-voltage amplifier (or the transresistance amplifier), and (4) the voltage- 
to-current amplifier (or the transconductance amplifier) will be presented 
with a large number of design equations. 

At the end of the chapter several other types of amplifiers will be briefly 
presented along with several of their design equations. These include ac- 
coupled inverting amplifier, charge-sensitive amplifier, and summing ampli- 
fier. 


4.1 BASIC INVERTING AMPLIFIER 


ALTERNATE NAMES Inverting-mode amplifier, inverting configuration, phase 
inverter, inverter. 


EXPLANATION OF OPERATION In Fig. 4.1A, assume v; starts to drive v,, (i.e., 
Un — Up) in the same direction as v;. The op amp output A,,(v, — v,) will then 
be driven in a direction opposite to that of v;. This will cause a feedback 
current through R; which attempts to drive vu, — v, back toward zero. If Ayo 
is very large, U, — Up is driven to nearly zero and the current into the op amp 
negative input terminal also approaches zero. All the input current through 
R, must therefore flow through R;. The current through R, also approaches 
zero as A,, becomes very large. The voltage at v, can thus be assumed equal 
to zero, which makes computation of the circuit gain quite easy. Since the 
same current i; flows in R, and R,, 


The closed-loop-circuit voltage gain at dc becomes 


4-1 
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Vo R; 
Yo ao U; ie 
In the design equations and design procedure to follow we will show the 
effect of various op amp parameters on the accuracy and stability of Aye. 
Likewise, we will examine the closed-loop voltage gain as a function of fre- 
quency A,,.. The effects of nonideal op amp parameters on A,,- will also be 
summarized. 


rs (A) 


Fig. 4.1 (A) Basic inverting-amplifier circuit. (B) Definition of input/output resist- 
ances and voltage gain. 


DESIGN PARAMETERS 


Parameter Description 
A, Open-loop voltage gain of op amp as a function of frequency 
Avo Open-loop dc voltage gain of op amp (A,, may be substituted for A, in any 
equation if dc characteristics are wanted) 


Ave Closed-loop voltage gain of circuit as a function of frequency 
Aes Closed-loop dc voltage gain of circuit 
B Voltage feedback ratio of R, and Ry, i.e., 8B = R,/(R, + R;) 


Te First-pole frequency of circuit, i.e., the —3-dB bandwidth 
tp First-pole frequency of op amp 

I, Input bias current of op amp 

| Ps Input offset current of op amp 

is Equivalent input noise current of op amp 

R, Input resistor 

R; Feedback resistor 


R;- Common-mode input resistance of op amp 


BASIC INVERTING AMPLIFIER 4-3 


DESIGN PARAMETERS (Continued) 


Parameter Description 
Ria Differential input resistance of op amp (Fig. 4.1B) 
Rin Input resistance of circuit 
R, Load resistance of circuit 
in; Output resistance of op amp 
Rout Output resistance of circuit 
a Risetime of circuit (10 to 90%) 
Vio Input offset voltage of op amp 
Ve Equivalent input noise voltage of op amp 
i a Output noise voltage of circuit 
Uo Output voltage of circuit 


DESIGN EQUATIONS 


Eq 
No. Description Equation 
1 Closed-loop voltage gain assuming R 
ideal op amp parameters Ane =— R 
1 
2 Closed-loop voltage gain if finite —R,/R 
: sae = rik 55 eae 
op amp gain A, is included Axe 1+ BA, 
R, 
where = 
Ae NF 
3 Closed-loop voltage gain if differen- _R.IR 
tial input resistance R;,, is included Ay = 
(A, must also be included) 1+ 1/BA, + Ry/A,Ria 
4 Closed-loop voltage gain if the 
op amp output resistance R, is _R,IR, 
; it "hel! iP nae 
included (A, must also be Aye = 1+ (R, + R,)/BA.R, 
included) 
5 Size of R, for minimum gain error R,,R,\"” 
due to A,, R,,, and R, R,(opt) = ( 2B ) 
6 Input resistance of circuit assuming Rin= R, 
ideal op amp parameters 
7 Input resistance of circuit assuming R 
eo eae (1 er ) 
ro=*1 
8 Output resistance of circuit assuming Rout = 0 
ideal op amp parameters 
9 Output resistance of circuit assuming R 
finite op amp output resistance R, Rout = Taka 
and finite A, BA, 
10 Bandwidth of circuit assuming PEAR 
bandwidth (—3 dB) of op amp is fo = pe 
at fi» (fop = first pole of the op amp) : 
11 etre risetime of circuit mt 0.35 R, 
5 . ‘ fond, ey a 
12 Output dc voltage change due to 
input offset-voltage change of op AY, == AVie Ae 
1 


amp (assuming I, and I;, = 0) 
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DESIGN EQUATIONS (Continued) 


No. Description Equation 


13 Output de voltage due to input bias V,=1,R; 
current of op amp assuming R, = 0 
and Vio — 0 


14 Output de voltage change due to AV, = ALB; 
input offset-current change of op 
amp assuming 


R - i Re 
*- Ry +h; 


and Vio a 0 
15 Output-noise voltage due to an 


R 
equivalent op amp input noise Von = Vn (1 + =) V/VHz 
voltage in volts/ VHz i 


16 Output-noise voltage due to both 
equivalent op amp input-voltage : eo 
noise and current noise (V/VHz Vor = \va( +5) + id 
and A/ VHz or V?/Hz and A?/Hz) 


17 Optimum value for R, to minimize 
output-voltage offset due to I, 


DESIGN PROCEDURE 


The approach one takes in designing an inverting amplifier depends on the 
application of the circuit. Many designs will merely require usage of Eqs. 
1, 6, and 9 (voltage gain and input/output resistances). High-frequency ap- 
plications may require a trade-off between Eqs. 1 (voltage gain) and 10 (closed- 
loop bandwidth). Low-level precision dc amplifiers may require compro- 
mises among Eas. 2, 3, 4, 5, 7, 9, 12, 13, 14, 16, and 17. This last category 
would be the most difficult, since there are many conflicting requirements 
in the above list of equations. For example, Eq. 5 indicates that an optimum 
R,; can be chosen which reduces the effect of changes in A,, Ria, and R, on 
the circuit. Contrary to this, Eqs. 7, 12, 13, 14, and 16 imply that R, should 
be as small as practical. The final choice for R; in this case would probably 
be simplified if a few extra dollars were invested in a good-quality instrumen- 
tation Oop amp. 

In the design steps to follow, we will assume that the op amp type is already 
chosen and that both the closed-loop dc gain A,., and the minimum input 
resistance R;, are specified. 

The variation of dc closed-loop gain Aye as a result of variations in open- 
loop dc gain A,,, differential input resistance Rig, R,, Ry, and output resistance 
R, will be calculated. The drift of the circuit output dc voltage as a result of 
drifts in input offset voltage V;, and input offset current I, will be determined. 
The small-signal risetime, bandwidth, and output noise will also be com- 
puted. 


DESIGN STEPS 
Step 1. Compute the optimum R,; with Eq. 5: 


R; R, 1/2 
Rrlopt) = (“Se) 


where B = 1/(1 — Ayeo) may be used as a first cut. 
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Step 2. Determine the size of R, using Eq. 1 and the results of step 1 
above: 


ees 
ey Aivos 


If this computed R, is less than the minimum specified circuit input resist- 
ance, a compromise among Eqs. 1, 5, and 6 may be required. Assuming 
Eqs. 1 and 6 are more important, we will calculate the errors caused by a 
nonoptimum R,; in the following steps. This approach means we let R,; = Rip 
and Ry; =i —A reo R,. 

Step 3. Given the range of temperatures within which the circuit is to be 
operated, the variations in A,,, Rig, Ri, Ry Vio, and I;, are determined from 
the op amp data sheet. 

Step 4. Assuming a given range of frequencies must be amplified with 
minimum error and noise, the following parameters as a function of frequency 
are also found from the data sheet: A,, R,, V,, and I,. 

Step 5. Compute the variations in closed-loop dc voltage gain A,,, using 
data from step 3 and Eqs. 2, 3, and 4. Repeat this step using A, at selected 
frequencies of interest. 

Step 6. Determine the circuit output resistance R,,, at selected fre- 
quencies using Eq. 9. Compute the reduction of A,,. using Ry, and R, with 
voltage-divider theory. The effective voltage gain A,. with R, attached is 


A,-(no load)R, 
R, a Fone 


Step 7. Determine the true input resistance by usage of Eq. 7. If the 
input resistance is critical and this calculation reveals a design deficiency, 
R, may need to be increased. Steps 2, 5, 6, and 7 will then need to be re- 
peated. 

Step 8. Compute the variation in A,,, due to resistance changes in R, 
and R,y. Since A,.=—R,/R,, a +1 percent change in either R, or R, will 
result in a +1 percent change inA,.. If R, increases |] percent as R; decreases 
1 percent, A, will decrease 2 percent. Resistor variations are unpredictable 
with some types, and the + sign must be used (see Appendix III). 

Step 9. Compute R, according to Eq. 17. 

Step 10. If R, has been determined according to Eq. 17, Eq. 13 will 
not need to be calculated. The output offset drift voltage will be controlled 
only by AV;, and AlI,;,.. Determine the total output-offset-voltage change 
from Eqs. 12 and 14. If the temperature-dependent drifts of V;, and I, are 
known in both magnitude and direction, the actual AV, can be determined. 
However, in most cases + symbols should be used, since either input terminal 
of the op amp can require more bias voltage or more bias current than the 
other. The output dc voltage error caused by the value of V;, at +25°C can 
be nulled out using special terminals on most op amps. 

Step 11. Use Eq. 10 to compute the small-signal bandwidth and Eq. 11 
for the small-signal risetime. 

Step 12. If the equivalent input-noise current and noise voltage is avail- 
able as a function of frequency, the output-noise voltage as a function of 
frequency can be determined. Equation 16 requires that V, be in units 
of V/VHz or V?/Hz and I, be in units of A/VHz or A?/Hz. This equation 
will need to be solved at 5 or 10 frequencies using V, and I, data at these 
same frequencies. 


R, 


Ave (with R;) = 


EXAMPLE OF INVERTING-AMPLIFIER DESIGN An actual design of an inverting 
amplifier with a gain of —100 will now be presented. 
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Design Requirements 
Aveo = — 100 
Re =sb,000 Q 
Op amp = pA74 1A (Fairchild) 
R, = 2,000 


Device Data (—55 to + 125°C and +20 V supply voltages) 
Vi. = + 0.8 mV typical, + 4.0 mV worst case (—55 or + 125°C) 
AVip = +15 wV/°C maximum 
1, = + 3.0 nA typical, + 70 nA worst case (—55°C) 
Al;,5 = + 0.5 nA/°C maximum 
Ria = 6 MQ typical, 0.5 MO worst case (—55°C) 


Av = 5 X 104 minimum at +25°C and 3.2 x 10* minimum over temperature 
(—55 to +125°C) 


tie =O tz. typical,.6 Hz.at--125-C 
R, = 70 © de to 10 kHz, 90 © at 100 kHz, and 280 1 at 1 MHz 
V, =5 X 10-" V?/Hz at 10 Hz, 10-™ V2/Hz at 100 Hz, 5 x 10 © V7Hiz 
from 1 to 100 kHz 
n= 5 X 10-3 A2/Hz at 10 Hz, 5 x 10-4 A2/Hz at 100 Hz, 8 x 10°-* A?/Hz 
at 1 kHz, 3 x 10-> A?/Hz from 10 to 100 kHz 
AR, =+ 100 ppm/°C (i.e., +10~4 change in 1°C) 
AR; = + 100 ppm/°C 


Step 1. The value of 8, the voltage transfer ratio of the feedback network, 


1 
Aga —Ax, 1+100 pO 
The optimum R; can now be computed from 
Ria ze)" 
R,(opt) = i B- 
“bd (° x 10° x x) 
~ \ 2 x 0.0099 
= 145,600 
Step 2. The size of R, becomes 
eR; opt) or = 14564108 6 
R= sich oatly aE IOO Ga 1,456 Q 


This resistance also satisfies the 1,000 0 minimum-input-resistance require- 
ment. 


Step 3. The variations of the following parameters over the temperature 
range of —55 to +125°C are (using data at +25°C as a reference): 


Parameter =o © +25°G +125°C 
Aso Se One Ue 5 10" 
Ria 0.50610% 6 x 108 
AVio 0 av +0.8 mV a 2S mV 
Alio +43 nA ar ATA mah No ial 4V3 
R, 1,456 +1160 1,456 1,456 + 14.60 
R; 145,600 + 1,160 0 145,600 0 145,600 + 1,456 0 


(The above are from the Fairchild data sheet.) 
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Step 4. The variations of the following parameters over the frequency 
range of dc to 1 MHz are: 


Parameter dc 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 
A, ax if 4x 10 4,000 400 40 4 0.4 
R, 70 70 70 70 70 90 280 
V2, V?/Hz oP Ni eee td po 108) Byki =o ze 10-™ 

I2, A?/Hz 5 10" ..o: * 10 Bio S10 


(The above is from the Fairchild data sheet.) 


Step 5. The ideal gain should be 


Aveo(ideal) = — = 


Since the open-loop dc gain A,,, is only 5 x 104 worst-case minimum at +25°C, 
the actual gain will be (assuming ideal values for R, and R,) 


—R,/R —145,600/1,456 
A. a ee re ee ee 
veolAyo ©) 1+ WBA, 1+ 1/0.0099 x5 x 104 
= —99.798387 


If A,, decreases to 3.2 X 10* at +125°C, the dc closed-loop gain is reduced to 
—145,600/1,456 
— 4 Se 
Arco\Ar = 3.2 X 10°) = 7779 0999 x 3.2 x 10! 
= —99.685336 


This gain is approximately 0.1 percent lower than the closed-loop gain at 
room temperature. The degradation caused by the typical input resistance 
R,, at +25°C is 

—R,/R, 
1 + L/BA,, + 2R;/A,,Ria 
= —145,600/1,456 
~ 1+ 1/0.0099 x 5 x 104+ 2 x 145,600/5 x 104 x 6 x 108 


= —99.798290 


ae Oe = 6 MQ) — 


An input resistance of 6 MQ is obviously not an error source of concer. If 
the worst-case minimum R,, of 0.5 MQ is used, we get 

—145,600/1,456 
1+ 1/0.0099 x 5 x 104+ 2 x 145,600/5 x 104 x 0.5 x 108 


= —99.797227 


This is still a very small error when compared with the effects of a finite A,,,. 
The change of R,z over the worst-case temperature range will affect the 
closed-loop gain by approximately 0.001 percent. 

The effects of a finite R, in conjunction with R, are determined by Eq. 4. 


Aven ate = 05 MQ) — 
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—R,/R, 
Le (Ry aE R,)/BAvoRs 


me —145,600/1,456 
1 + (145,600 + 70)/0.0099 x 5 x 10* x 145,600 


= —99.79829 


This gain is approximately the same as that computed when only the finite 
A,, was considered. 

The effects of output resistance at frequencies above the first op amp pole 
(~ 8 Hz) must be determined with caution. Since A, lags A,. 90° for these 
frequencies, Eq. 4 must take this into account. This is done as follows (at 
1 kHz where A,= —j400): 


AvelR, = 710 0) = 


—100 
Reh = 20 0) ee eee 
wolf 3 oe (145,600 + 70)/0.0099 x (—j400) x 145,600 
36 Fe COr es Cae 100 
1502526 1.0314 /14° 


IO, falas 
The closed-loop gain has a slight phase lag at 1 kHz. If we had not con- 


sidered the phase shift of A,, we would have mistakenly computed A,, as 
follows: 


—100 
= ——____________ | 79.83 
Ave 1 + (145,600 + 70)/0.0099 x 400 x 145,600 ‘ 
Suppose one wishes to compute the reduction of A,,, due to two causes 
such as R, = 70 Q (at de) and Rig=0.5 MQ. This is done as follows: 


99.79829 99.797227 
=— ——_— ——__—— _ = —99.595926 
Arco a 100 100 


Step 6. As in the previous step, the phase shift of A, must be considered 
if the op amp first-pole frequency is exceeded. 


Rea 
Rour( de) = (pA, 
70 
~ 1+0.0099 x 5x 104 — ea 
70 
oe eee 0.0099(—j 400) 
I? + (—3.96) 1+ 15.68 
70 A76° 
SOUP ee 
90 
Row(100 kHz) = 5 0.0099(—j4) 

i oe 0 ie ae 
1? + (—0.0396) 1 + 0.001568 
90 2 3993 


~ 1.00078 
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The reduction in closed-loop gain A,. due to interaction between Rou 
and R; is computed by use of voltage-divider theory. If Ryy;= 17.14 0 (1 kHz) 
and R,; = 2 kQ), the effective closed-loop gain A,, is 


vee ] 
aegithen) eee eee 


R; aa Roa 
~96.95 x 2,000... 
~ 2,000 +17:14 — ae 
Step 7. The true input resistance at dc is 
z oe ( 145,600 ) 
AP es (1 + ron SSOP aAG) Bot Gian aBe 


= 1,459 © 
Step 8. If we use +25°C as a reference, the closed-loop-gain variation 
due to resistor changes over temperature is (+25 to +125°C) 
_ Ry+ AR, 
R,+ AR, 
_ _ 145,600 + 145,600 x 107* x 100 
1450 2 14560 4.10 4x 100 


145,600 + 1,456 
pa FPS oebetes ete tee a Rea eee x 05 2 | 3 
1,456 + 14.56 98.02 to —102.0 


Step 9. The required value of R, is 


_ RR, _ (1,456)(145,600) _ k 
> R, +R, 1,456 + 145,600 — wages 


Pista = 


Step 10. The change in de output voltage due to the change of Vi, 
over 100°C is (+25 to +125°C) 


Rati; 
a a Ve eae | 
AV, ares Vi Rj 
15 x 10°® x 100°C 1,456 + 145,600 _ 


The change in dc output voltage due to the change of I;, over 100°C is 
__ 9.5 x 10 x 100°C x 145,600 


AV, =+Al,,Ry=+ = = 7.28 mV 
Step 11. The small-signal bandwidth is 
aan 
~ (8 Hz) ee ere 


The small-signal risetime is 


_ 0.35 Ry _ 0.35 (145,600) 


= FAR, 8X5 x 10* x 1,456 


= 87.5 ws 
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Step 12. The output noise at 10 Hz is computed from 


2 
VEO He) = hae + 4 + PR? 
5 | 


145,600 
1,456 
= 7.2 nV rms at 10 Hz 
At 100 Hz, 1 kHz, 10 kHz, and 100 kHz the output noise is 


Von(100 Hz) = [10-"(101)? + 5 x 10-24(145,600)? |"? 
= 3.2 pV rms at 100 Hz 


Viti kHz)= [5 107(101)7-- 8210 (145,600) | 
= 9.344V rms at 1 kHz 


V,,(10 kHz). = [(5:-< 10-*(101)7 +3 -*:10-5(145.600)7]" 
= 2.3 wV rms at 10 kHz 


V;,( 100 kHz) = [5 10-101)? 3.x 107 7(145,600)7)- 
= 2.3 pV rms at 100 kHz 


1/2 


1/2 


2 
= E OMe (1 oF TEX 10-(145,600) | 
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4.2 BASIC NONINVERTING AMPLIFIER 
ALTERNATE NAMES Voltage follower, noninverting configuration. 


EXPLANATION OF OPERATION ‘The operation of this circuit is similar to that 


of the basic inverting amplifier except for the following (see Fig. 4.2): 


1. The input signal is applied directly to the noninverting input, thereby 


making the output in phase with the input. 


2. The resistor R, is connected to ground instead of being connected to 


the input voltage. 
3. The closed-loop voltage gain for the noninverting amplifier is 


Fig. 4.2 Basic noninverting-amplifier circuit. 


DESIGN PARAMETERS 
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These will be identical to those of the inverting amplifier except that R, is 
no longer the input resistor. 


DESIGN EQUATIONS 


10 


ity 


12 


13 


14 


Description 


Closed-loop voltage gain assuming 
ideal op amp parameters 


Closed-loop voltage gain if finite op 
amp gain A, is included 


Closed-loop voltage gain if differen- 
tial input resistance R;, and 
common-mode input resistance R;,, 
are included (A, must also be in- 


cluded) 


Closed-loop voltage gain if the op 
amp output resistance R, is included 
(A, must also be included) 


Size of R, for minimum gain error 
due to A,, R;4, and R, 


Input resistance of circuit assuming 
ideal op amp parameters 


Input resistance of circuit 
assuming finite A,, finite R,;,, and 
and nonzero R, 


Output resistance of circuit 
assuming ideal op amp parameters 


Output resistance of circuit 
assuming finite op amp output re- 
sistance R, and finite A, 


Bandwidth of circuit assuming 
bandwidth (—3 dB) of op amp is at 
foo (fon = first pole of the op amp) 


Small-signal risetime of circuit 
(10 to 90%) 


Output dc-voltage change due to an 
input offset-voltage change of op 
amp (assuming I, and I;,, = 0) 


Output dc voltage due to input bias 
current of op amp assuming R, = 0 
and Vio — 0 


Output dc-voltage change due to an 
input-offset-current change of op 
amp assuming 


enna 
at ee 


and Vio = 0 


Equation 
ee 
Aye = 1+ R, 
A Ses i + R,/R, 
Pe Le 1/BA, 
A = ] + R,/R, 


1 A, OR TA Gg 


Pett 1+ R,/R, 
re 1+ (R, + R,+ R,)/A Ry 
eo Agee 
Ry(opt) = (“Soe 
Rin ele 
R.. = BA,Ria?R, 
"(Ry + R,)(Ria + 2BR;) 
=: BA,Ria 
Reis sz 0 
ee R,(Ry + Ro)(Ria + 2BRy) 
out BA,R Ria 
= Ro 
BA, 
¢ _ fopAvoRi 
agree 
ives 0.35 (R, + Ry) 
yon we 2 
AV, =+ AV, +B 
R, 
Vy, a7 I,R; 
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DESIGN EQUATIONS (Continued) 


Eq. 
No. Description Equation 
15 Output-noise voltage due to an R 
equivalent op amp input-noise Von = Va (1 + = V/VHz 
voltage in V/ VHz i 
16 Output-noise voltage due to both R.\2 te 
equivalent op amp input-noise Von = va(t + se = re] 
voltage and current (V/ VHz and : 
A/ VHz or V?/Hz) 
Ly, Optimum value for R, to minimize R,=R,-— Poa 
output offset voltage due to I, it By 
If this is negative, place R, 
in series with noninverting 
input and let 
,_ elt hee 
Hee R,+R, ° 
REFERENCES 
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4.3 CURRENT AMPLIFIER 
ALTERNATE NAMES Current-to-current converter, impedance transformer. 


EXPLANATION OF OPERATION This circuit supplies an output current i, through 
the load resistor R;, which is proportional to the input current i;. The output 
current is independent of the resistance of R;, over a specified range of R_. 
Current amplifiers, ideally, have zero input resistance and infinite output 
resistance. 

The circuit operates as follows: According to Chap. 2, we can (for a first 
approximation) assume that (1) the voltage across the op amp input terminals 
is zero, and (2) neither op amp input terminal draws any current. Using these 

two statements, we conclude that 


QR == 0 
and (Den == =H; 


Using basic circuit theory, we also note 
that 


ps —- i; =f i; 
and vo, = —i,R; 


Combining the last three equations, we 
find that the current gain is 
i R 
A, = = le 
- UF Rg 
Note that the direction of i, is into the op 
Fig. 4.3 Current amplifier. amp if i; is as shown. 
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4-14 AMPLIFIERS 


DESIGN PARAMETERS 


i ——— 


Parameter Description 

Aic Current gain of circuit 

A, Open-loop voltage gain of op amp as a function of frequency 

igs Open-loop dc voltage gain of op amp (A,, may be substituted for A, in 

an equation if dc characteristics are wanted) 

Ave Closed-loop voltage gain of op amp as a function of frequency 

Nees Closed-loop dc voltage gain of op amp 

B Voltage feedback ratio of R, and R, 

i; Input current 

ig Output current 

Ria Differential input resistance of op amp 

Rin Input resistance of circuit 

R, Output resistance of op amp 

Be. Output resistance of circuit 

Ve Positive supply voltage 

Ve Negative supply voltage 
ce a aA a INS ET nln OG A Re le cae Pe Pen ee 
REFERENCE 


1. Nieu, G.: Op Amps Act as Universal Gain Elements, Electron. Des., Jan. 18, 1968, 
p. 78. 


4.4 TRANSRESISTANCE AMPLIFIER 


ALTERNATE NAMES Current-to-voltage converter, transimpedance amplifier, 
I-to-V converter, photodiode amplifier. 


EXPLANATION OF OPERATION A transresistance amplifier behaves as if it 
were a resistor with power gain. It provides an output voltage which is pro- 
portional to the input current. The proportionality constant is the feedback 
resistor R; such that v, =—i;R;. This circuit is characterized by zero input 
resistance and zero output resistance if the op amp is ideal. Only one re- 
sistor (R;) is required for this circuit. The maximum size of this resistor 
(i.e., the circuit gain) is limited only by the output-voltage capability of the 
op amp and the size of input current. 


Fig. 4.4 Transresistance amplifier. 


DESIGN PARAMETERS 
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Parameter Description 
Are Closed-loop transresistance of circuit 
. Open-loop voltage gain of op amp as a 

function of frequency (for dc per- 
formance A,,, may be substituted for 
A,.) 

R; Feedback resistor 

Ria Differential input resistance of op amp 

Rin Input resistance of circuit 

R, Output resistance of op amp 

Rui Output resistance of circuit 

Ba Output voltage 


REFE 


DESIGN EQUATIONS 


Description 


Equation 


Closed-loop transresistance 
assuming ideal op amp pa- 
rameters 


Closed-loop transresistance 
if A, and the op amp input re- 
sistance Rg are considered 


Closed-loop transresistance 
if A,, Rig, and the op amp out- 
put resistance R, are con- 
sidered 


Input resistance of circuit 
assuming ideal op amp 
parameters 


Input resistance of circuit 
assuming a finite A, 


Input resistance of circuit 
assuming finite A,, Rig, and 
R, 


Output resistance of circuit as- 
suming ideal op amp 
parameters 


Output resistance of circuit 
assuming a finite A, 


Output resistance of circuit 
assuming finite A,, Rig, and 
R, 


RENCE 


0, 
Age eg i; = R; 
A ae —R;RigA,y 
i R; a Ria 35 A,) 
A. = Rial Ry + Ria) (Ry + Ro)Av—Ro(Ria + Ry + Ro) 
* (Riq + Ry + R,)[R, + Ry + Rig(1 + Ay)] 
Rin = 0 
Ry 
SS 1+A, 
R. =——Ria(Ro+ Ry) 
in” R, + Ry + Rig(1 + A,) 
Rout =e 0 
R, 
Te iE ] +A, 
Rout a Ro(Ry Bs Ria) 


Bost Ret Ryall A;) 


1. Nieu, G.: Op Amps Act as Universal Gain Elements, Electron. Des., Jan. 18, 1968, 


p. 


78. 
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4.5 TRANSCONDUCTANCE AMPLIFIER 


See also Current Regulators in Chap. 24. 


ALTERNATE NAMES Voltage-to-current converter, V-to-I converter, trans- 
admittance amplifier, current source, controlled-current source. 


EXPLANATION OF OPERATION This circuit provides a current through R, 
which is proportional to the input voltage v;. The output current i, is sensed 
by the sense resistor R,;. The resulting sense voltage is fed back in series 
with the input voltage v;. The circuit closely resembles the noninverting 
amplifier shown in Fig. 4.2 except that in this case R, is usually quite small. 

The voltage at v, is 


yj O ~ frase v,(R; + R,z) 
a R, 


i The current through R, is 


— Vo 
Re +R: 


to 
Rs 
Combining these equations, we get 


> 10% 

Fig. 4.5 The transconduct- Loe R, 

ance amplifier with a floating 

load. and the output current is seen to be inde- 


pendent of R;. 
This circuit is often used for a current regulator where v; is held constant. 
We will cover this subject in detail in Chap. 24. 


DESIGN PARAMETERS 


Parameter Description 
Ads Closed-loop transconductance of circuit 
Ay Open-loop voltage gain of op amp as a 


function of frequency (for dc per- 
formance A,, may be substituted for 


A») 
B Transfer function of feedback network 
ty Output current of circuit 
Rs Internal resistance of voltage-source 
driving circuit 
Ria Differential input resistance of op amp 
Rin Input resistance of circuit 
R, Load resistance 
Re Output resistance of op amp 
Rout Output resistance of circuit 
R, Output-current-sensing resistor 


U; Input voltage to circuit 


DESIGN EQUATIONS 


Eq. 


No. Description 


1 Closed-loop transcon- 
ductance assuming 
ideal op amp parameters 


2 Closed-loop transcon- 
ductance if finite op amp 
gain A, is considered 


3 Closed-loop transcon- 
ductance if A, and the op 
amp input resistance Rjgq 
are considered 


4 Closed-loop transcon- 
ductance if A,, Rig, and 
the op amp output re- 
sistance R, are con- 
sidered 


5 Input resistance of circuit 
assuming ideal op amp 
parameters 


6 Input resistance of circuit 
assuming finite A,, R,, 
and R,q 


7 Input resistance of circuit 
considering total effect 
of A,, R,, Ria, R,, and R, 


8 Output resistance of cir- 
cuit assuming ideal op 
amp parameters 


9 Output resistance of cir- 
cuit assuming finite A, 


10 Output resistance of cir- 
cuit considering all 
factors 
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Equation 
Beep ee 
Age = = Bay 
elie 
Age = 1+ 1/BA, 
= R 
ee ear Ait Hi) 
) eae RiaAy ae R, 
~~ RAR, + Ry B,) + Rift A) + BRA; 
A — RigAy a R, 
ee Atle t ite + ar tg) + diag tg) fh Falughs 
Rin —= 29 


Rin aa Ria(1 Tr BA,) 


R,(Ro r R, aa RiaA,) 


Rin = Ria + Rg + Ri+-Rp-R, 


Row on 


Rout a R,(1 = A;) 


ee — Ria 5 A,)] 


Ron alte 2p use eh 


REFERENCE 


1. Nieu, G.: Op Amps Act as Universal Gain Elements, Electron. Des., Jan. 18, 1968, 


p. 78. 


4.6 AC-COUPLED INVERTING AMPLIFIER 
ALTERNATE NAMES Capacitor-coupled amplifier, dc-isolated amplifier. 


EXPLANATION OF OPERATION If dc isolation of stages is required, an input 
and/or output isolation capacitor may be used. (See Fig. 4.6.) DC biasing 


4-18 AMPLIFIERS 


Fig. 4.6 AC-coupled inverting amplifier. 


to the inverting input is obtained through the feedback resistor. The size of 
R, is approximately equal to R;, since R, is isolated from the circuit. 

This type of circuit is also useful for shaping of the frequency character- 
istics. As will be shown in the design equations, the lower cutoff frequency 
depends on R, and C, or R; and C, (whichever frequency is lowest). The 
upper cutoff frequency depends on the op amp. 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Closed-loop voltage gain of circuit 4, = e —— Becee BE 
v1 R, s+ 1/R,C, 


2 Lower cutoff frequency (-3 dB) f= SEE or ewe (whichever is highest) 
1“) LY 2 


Output offset voltage assuming 


R, = 0 and C, removed AV,=+ Vio + I,R; 
4 Nominal size of R, to minimize 
output offset assuming C, not R, ~ R; 
used 
5 Input impedance Zin = Ry + ie 
sC, 
6 Output impedance i Ba a: an 
out BA, sC 
Sirepi thane 35 tee 
REDS Re eee 
REFERENCE 


1. Tobey, G. E., J. G. Graeme, and L. P. Huelsman: “Operational Amplifiers — Design 
and Application,” p. 222, McGraw-Hill Book Company, New York, 1971. 


4.7 CHARGE-SENSITIVE AMPLIFIER 


ALTERNATE NAMES Charge-to-voltage converter, capacitive transducer 
amplifier. 
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Fig. 4.7 Charge-sensitive amplifier. 


EXPLANATION OF OPERATION Many high-impedance transducers such as pro- 
portional counters, capacitance microphones, and some accelerometers 
require an amplifier which converts a transfer of charge into a change of 
voltage. The voltage across the transducer is usually held constant. We can 
therefore assume that either the capacitance of the transducer changes by 
AC or a charge of AQ is emitted from the transducer. The equation relating 
these two phenomena is 


AO = V.AC 


where AQ = quantity of charge transferred 

AC = change in capacitance 

V.. = constant voltage across the transducer 
The capacitance microphone actually has a changing capacitance which 
varies in proportion to the acoustical input. The proportional counter (used 
to detect x-rays) puts out a quantity of charge AQ in response to each de- 
tected x-ray. 

The amplifier output-voltage change is 
Re V.AC 
Cy 


if the transducer is of the capacitive type. For charge-emitting transducers 
the amplifier output-voltage change is 


Eyal’, 


Av, C, 


since AQ = V,AC. 
The lower cutoff frequency (—3 dB) of this circuit is 
} 
eee. 
The upper cutoff frequency (-3 dB) is 


i 
tage a IR C 
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The resistor R; is required only to discharge C and C;. Without its presence 
these capacitors would build up a charge when input signals are present. If 
the leakage paths around C and C; are too small, this bias could gradually 
run the op amp into saturation. 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
; : ; 4 Av, V.. 
1 Midband gain for an input-capacitance change of AC = 
AC CG; 
: : . Avy L 
2 Midband gain for an input charge of AQ =—- => 
AQ 6. 
1 
3 Lower cutoff frequency (—3 dB) feo: = nR,C, 
= het 
4 Upper cutoff frequency (—3 dB) feo2 = InR,C 
REFERENCES 


1. Tobey, G. E., J. G. Graeme, and L. P. Huelsman: “Operational Amplifiers — Design 
and Applications,” p. 233, McGraw-Hill Book Company, New York, 1971. 

2. Stout, D. F.: A Low Noise Charge Sensitive Video Preamplifier for Use with the 
SEC Camera Tube, Space Programs Summary, Jet Propulsion Laboratory, 37-54, 
VOLFITT. Dp. 157. 


4.8 SUMMING AMPLIFIER 


ALTERNATE NAMES Adding/subtracting amplifier, weighted summing am- 
plifier, adder, subtractor. 


Fig. 4.8 Summing amplifier for addition and subtraction. 
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EXPLANATION OF OPERATION ‘The negative feedback used in the basic in- 
verting and noninverting-amplifier circuits tends to drive the two op amp 
input terminals to the same voltage. This makes summation of currents at 
both input terminals possible without interaction between input branches. 
Thus, one op amp can be used for both addition and subtraction of a large 
number of voltages. These may be dc or ac voltages (or both). 

This circuit must be designed in the following sequence: 

1. Select the value of the feedback resistor R,. Its maximum size is 
determined by the allowable output-voltage offset using AV, = + I;,.R;, where 
I;. is the op amp input offset current. 

2. Select resistors R, through Rg as if all input signals were to be inverted. 

3. Calculate the parallel value of R,, R2, R3, and R;. Call this R4. 

4. Calculate the parallel value of Ry, R;, and Rg. Call this Rg. 

5. If R4 > Rg, do not use R,. Choose R, such that R, = Rz, where R, 
is now included in the parallel-resistance calculation for R,4. 

6. If Rg > Ry, do not use R,. Choose R, such that R, = Rz, where R, is 
now included in the parallel-resistance calculation for Rg. 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
I Output voltage of circuit Vo = Apert1 + Avcot2 + Avests 
si Avcat + AvesUs =. Aces 
2 Voltage gain for inverting input voltages Uo R; 
Ac == 
(v1, Ue, and v5) v, R, 
Seite 
Ave = v i 
etc, 
3 Voltage gain for noninverting input es Rc (1 ss #2) 
voltages (v4, Us, and vg¢) Rare A R,. 
where R;- = parallel resistance of 
Ri Re and Rh, 
R, = parallel resistance of 
Ri, R., R;, and R,, 
a(t 
Ore He aihei oh. 
where Rp = parallel resistance of 
R, R,; and Re 
ete: 
4 Output offset voltage due to input AV, ==+ IR; 
offset current 
in R 
5 Output offset voltage due to input Nieaeae (1 d R) 
offset voltage ae 
REFERENCES 


1. Kostanty, R. G.: Doubling Op Amp Summing Power, Electronics, Feb. 14, 1972, 
De 43. 

2. Barber, J. C.: Mix Various Signals by a Simple Method, Electron. Des., Mar. 1, 
1968, p. 90. 
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Chapter 2 


Comparators 


INTRODUCTION 


This class of circuits is used to convert analog signals into bilevel signals. 
This is done by comparing an input signal with a reference voltage. When- 
ever the signal changes from less than the reference to greater than the refer- 
ence (or vice versa), the output voltage of the comparator abruptly changes 
state. The character of this change of state is subject to the designer's choice. 
It can be TTL compatible or ECL compatible or can possess a wide set of 
limits such as + 15 V. Likewise, the input characteristics of the comparator 
can take on many possible forms. The voltage comparison can take place 
at zero voltage or any + voltage through manipulation of resistor networks. 
In this chapter we will provide design information on the eight basic 
comparator types: 
Inverting zero-crossing detector 
Noninverting zero-crossing detector 
Inverting zero-crossing detector with hysteresis 
Noninverting zero-crossing detector with hysteresis 
Inverting level detector 
Noninverting level detector 
Inverting level detector with hysteresis 
Noninverting level detector with hysteresis 
The seventh (and eighth) type is the most mature of the list. We will 
therefore provide a complete design procedure and example for this type 
only. For the preceding six we will provide the explanation of operation 
and design equations. 
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5.1 ZERO-CROSSING DETECTOR 


ALTERNATE NAMES Zero-crossing comparator, zero-level detector, Schmitt 
trigger. 


EXPLANATION OF OPERATION We will begin this discussion with the inverting 
zero-crossing detector. Afterward we will compare these results with the 
noninverting zero-crossing detector. 

Inverting zero-crossing detector A zero-crossing detector determines if an 
input voltage is greater than zero or less than zero. In response to this deter- 
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mination, the output voltage can assume only two possible states. The output 
assumes the positive state if v; < 0 and the negative state if v; > 0. As shown 
in Fig. 5.1A, the magnitudes of the positive and negative output voltages are 
determined only by zener diodes Z, and Z». If v; < 0, v, = Vz; and if v; > 0, 
0, = —Vz. Figure 5.1B illustrates the approximate input-output transfer 
function of the circuit. 

Several sources of error in this circuit should be recognized. The errors 
due to the op amp input currents will be discussed first. These include the 
input bias current J, and the input offset current I;,. Ideally, the output 
voltage should switch whenever v; passes through zero volts. When the 
output switches, this means that the current direction through the zener 
diodes is reversing. At this instant the output voltage is passing through 
zero voltage. When v,=0, we must have i;=I,. We conclude that the 


(B) 


Fig. 5.1 Inverting zero-crossing detector (A) and its transfer function (B). 


circuit does not switch until v; = i;R, = 1,R,. The op amp input bias current 
therefore causes an error in switching at zero input voltage. This error is 
minimized by installing an R, as shown such that R, = R;. The only error 
remaining from input bias current will be due to the difference in bias cur- 
rents into the two op amp inputs—i.e., the input offset current I,,.. Since 
I,, < I,, if we make R, adjustable (from ,R, to 4R,), R, can be set so that 
switching occurs at zero input voltage. 

The op amp input offset voltage V;, causes a switching error in v; equal in 
magnitude to V;,._ In the worst case this must be added to the errors caused 
by I, and Ij). Ii, and V;, can be of either polarity with respect to Jy. Assuming 
all errors are stacked up in the same direction, the worst-case offset at v; is 
Vote = Vio =i bie if R, = R, and Vore ae ve — I, \(R, aa R,)| if R, ca Rp. The null 
terminals (and R,) can be utilized to cancel most of Vos, at room temperature. 
Since V;,, I,, and I,, are time- and temperature-sensitive, V,,, will assume 
nonzero values at later times and/or other temperatures. One should realize, 
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therefore, that the zero-crossing detector can be made to switch when 1p; is 
exactly equal to zero at one temperature only. Ata later time and/or tempera- 
ture, when I,, Vi,, and I;, have changed, the switching will take place at a 
voltage slightly different from zero. 

Figure 5.2 shows both typical and ideal voltage-transfer functions of an 
op amp. The fact that these transfer functions differ creates another error 
source for the zero-crossing detector. The total voltage swing at the op amp 
output, i.e., V*’—3 to V°~+3 (or vice versa), can take place only if the input 
voltage vu; has changed by more than 


Yu_ypO__6 
AGmn) = 

v;(min) Dn 
where A,, is the (large-signal) dc voltage gain of the op amp. The output- 
switching time also gets very long as the Avu;(min) above is approached. The 
input-voltage change must usually exceed Av;(min) by a factor of 10 to 100 in 


Typically 
2-3 VOITS 


Vi (mV) 


Typical 


Fig. 5.2 Typical and ideal voltage-transfer curves for an op amp (from negative input to 
output). 


order to achieve the maximum output-switching speed (i.e., the maximum 
slew rate of the op amp). 

The basic zero-crossing detector has a major drawback because ofa phenom- 
enon called chatter. Ifthe input voltage has noise in the order of Av;(min), 
then as v; goes through zero volts the output may switch states several times 
before the final decision is made. This can be avoided only by filtering out 
the noise, using a lower-gain op amp, or using hysteresis (to be discussed 
later in this chapter). Hysteresis will also speed up the circuit-switching 
time. However, the switching speed cannot be made faster then the open- 
loop slew rate of the op amp. 

Noninverting zero-crossing detector This circuit, shown in Fig. 5.3A, merely 
reverses the use of R, and R, as shown in Fig. 5.1A. The performance of the 
noninverting circuit is identical to that of the inverting circuit except that 
the transfer function (Fig. 5.3B) is rotated about the vertical axis. 
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ze 


(B) 


Fig. 5.3 Noninverting zero-crossing detector (A) and its transfer function (B). 


DESIGN PARAMETERS 


Parameter Description 


Voltage gain of op amp at dc 
Input bias current of op amp 


i Input offset current of op amp 

R, Resistor attached to op amp inverting input 

R, Resistor which establishes correct current in Z, and Z, 

lane Differential input resistance of op amp 

Rin Input resistance of circuit 

Re Output resistance of circuit 

R, Resistor used to nullify the effects of I, 

lee Dynamic resistance of Z, 

Ro. Dynamic resistance of Z, 

U; Input voltage to circuit 

Av,;(min) Minimum input-voltage change which may cause a full output change 

Vo Positive supply voltage 

Vy Negative supply voltage 

Va Input offset voltage of op amp 

Uo Circuit output voltage 

Vines Error in trip voltage of circuit caused by nonideal op amp input 
parameters 

V;, Breakdown voltage of Z,, plus the forward breakdown voltage of Z, 

Vv Breakdown voltage of Z,, plus the forward breakdown voltage of Z, 
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DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Output voltage when vu; < 0 assuming INVERTING 
ideal op amp parameters and square v, = Vn; 
zener characteristics 
NONINVERTING 
Gea —Vip 
2 Output voltage when vu; > 0 assuming INVERTING 
ideal op amp parameters and square v,=—V»n 
zener characteristics 
NONINVERTING 
OC Va 


NOTE: Zener voltages are dependent 
on their bias current. For this circuit 
the bias current depends on the size 
of R, 


3 Maximum offset (from zero) of vu; trip Vie = AV, + 0,,f;) 
point considering op amp input 


parameters and R, = R, 
4 Maximum offset (from zero) of v; trip 


point considering op amp input 
parameters and R, # R, 


Vor = +(Vi. + I,|(R — R,)|) 


5 Minimum change in v; required to 
provide full-magnitude output 
change of state 


6 Optimum R, source resistance if 
effects of changes in V;, and I, with 
temperature are to be minimized 


Input resistance of circuit 


Output resistance of circuit 


9 Optimum size for R, 


Coy eee, 4 t) Bean 
Av,(min) = ae 
R _AV;,,/AT 
ALIA 


R,,=R, a pt Pt ws OP 


Rout = Rz, (positive output) or Rz» 
(negative output) 


The resistance of R, is chosen such 


that the zener diodes are operated at 
their recommended current levels 


eee LEEE EEE EEEE ESSE SEE ESE ESERIES 


5.2 ZERO-CROSSING DETECTOR 
WITH HYSTERESIS 


ALTERNATE NAMES Zero-crossing comparator, zero-level comparator, regen- 
erative comparator, Schmitt trigger, bilevel latch, latching comparator, latch- 
ing zero-crossing detector. 


EXPLANATION OF OPERATION The operator of this circuit is almost identical 
to that of the basic zero-crossing detector except that hysteresis is now in- 
cluded. 

inverting zero-crossing detector with hysteresis Hysteresis is provided by 
merely adding R; to the circuit. Since R; is connected from the op amp 
output to the noninverting input, it provides a small amount of positive 
feedback. The effect of this type of positive feedback is best explained by 
comparing Fig. 5.4B with Fig. 5.1B. Hysteresis causes the Z curve of Fig. 
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(B) 


Fig. 5.4 Inverting zero-crossing detector with hysteresis (A) and its transfer func- 
tion (B). 


5.1B to widen out into the boxed Z shape of Fig. 5.4B. If the box width 
reduces to zero width, i.e., if Ry = ~, the circuit and transfer function become 
identical to that of Fig. 5.1. Note that v, vs. v; always travels clockwise 
around the box. If vu; is less than zero and becoming more positive, it has to 
cross zero and rise to R,Vz,/(R, + R;) before the output switches states. The 
arrows in Fig. 5.4B show that this is the only path by which this change of 
state can occur. After the transition has taken place, the output cannot 
return to the positive state unless v; has a negative noise spike of at least 


R,(Vai + Vz) 
Bip ie 


The hysteresis circuit therefore provides noise immunity and prevents the 
output from chattering between states as v; passes through zero. The only 
disadvantage to this circuit is that larger voltage excursions are required to 
initiate a change of states. The hysteresis also makes a substantial improve- 
ment in output-switching speed. The maximum switching speed, however, 
is equal to the maximum slew rate of the op amp. 

Noninverting zero-crossing detector with hysteresis As with the basic zero- 
cross detector, the noninverting circuit is identical to the inverting circuit 
except that the transfer function is rotated about the vertical axis. 


v,(noise, peak) = 


ZERO-CROSSING DETECTOR WITH HYSTERESIS 5-7 


R 


f 


Fig. 5.5 Noninverting zero-crossing detector with hysteresis (A) and its transfer 
function (B). 


DESIGN PARAMETERS 


Parameter Description 
Avo Op amp voltage gain at dc 

I, Input bias current of op amp 

Lio Input offset current of op amp 

R, Resistor for inverting input 

ie Resistor to set current level in Z, and Z, 
R; Feedback resistor to establish hysteresis 
Ria Differential input resistance of op amp 
R,, Input resistance of circuit 

Bost Output resistance of circuit 

B, Part of hysteresis feedback circuit 

Ra Dynamic resistance of zener Z, 

Rzo Dynamic resistance of zener Z, 

AV, Portion of hysteresis loop caused by Vz; 
AV, Portion of hysteresis loop caused by Vz. 
OF Input voltage to circuit 

Av;(min) Minimum input-voltage change which may cause a full output change 
Vy) Positive power-supply voltage 


Ve Negative power-supply voltage 
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DESIGN PARAMETERS (Continued) 


Parameter 


Eq. 
No. 


10 


11 


Input offset voltage of op amp 
Output voltage of circuit 


Description 


Error in trip voltage due to nonideal op amp input parameters 
Breakdown voltage of Z,, plus the forward breakdown voltage of Z, 
Breakdown voltage of Z., plus the forward breakdown voltage of Z, 


DESIGN EQUATIONS 


Description 


Value of positive output voltage 
Value of negative output voltage 


Ideal positive trip point for v; assuming ideal 
op amp and square zener characteristics 


Ideal negative trip point for v; assuming ideal 
op amp and square zener characteristics 


Maximum error in above trip points consider- 
ing op amp input parameters and assuming 
R,=R, and R, > R, 


Maximum error in above trip points consider- 
ing op amp input parameters and assuming 
R, # R, and R, > R, 


Minimum change in v; required to provide 
full-magnitude output change of state 


Optimum R, (source + input resistor) if effects 
of V;, and I, over temperature are to be 
minimized 


Input resistance of circuit 


Output resistance of circuit 


Optimum size for R, 


Equation 
Vo = Vat 
(Din = —Vx2 
INVERTING 
R,Vz 
AV, = = 2 
‘Ry + R; 
NONINVERTING 
R,V. 
AV. = pY Z2 
> R, + R; 
INVERTING 
R,Vz2 
INR AGL 
R, + R,; 
NONINVERTING 
R,,V. 
V = p™ Zi 
aM R,, + R, 


Vor = + (Vio + TioR:) 


Vote = + [Vio + In | (Ri — Rp) |] 


Av; ~ 0 since positive 
feedback makes forward gain 
approach © 


Rp. — AV AT 
SAT VAT 
INVERTING 
Rin a R; SF R, at Ria 
NONINVERTING 
ae R;Ria 
Rin as R, ai R,+ Ria 


Rout = Rz: (positive output) 
or = Rz, (negative output) 


R, is chosen to provide 
recommended current 
through zener diodes 
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5.3 LEVEL DETECTOR 
ALTERNATE NAMES Schmitt trigger, level comparator. 


EXPLANATION OF OPERATION The operation of this circuit is similar to that 
of the zero-crossing detector except that the resistor (R,; or R,) which is nor- 
mally grounded is returned to a reference voltage Vg. This change makes the 
output voltage change states whenever the input voltage passes through Vz 
rather than zero. Vez can be positive or negative, or it may be a variable 
which varies according to some system function. 

Inverting level detector A level detector determines if an input voltage is 
greater or less than a reference voltage. In response to this determination, 
the level-detector output voltage can assume only two possible states. The 
output assumes the positive state if vu; < Vp and the negative state if v; > Vp. 
Figure 5.6A shows the inverting level-detector circuit, and Fig. 5.6B indi- 
cates several of the possible transfer functions. Note that Vp can be positive 
(solid line) or negative (dashed line). The two output-voltage levels are 
determined only by Z; and Z. 

Errors due to I,, I;,, and Vj, are similar to those of the zero-crossing detector. 
They are minimized by making R, ~ R,. The total output swing is still V,,+ 
Vz. as before. 

This circuit will also tend to chatter at the instant of state changing if v; 
has noise larger than 


_ Var + Vas 
AS 


vu; (min) 


Negative Vp 


(B) 
Fig. 5.6 Inverting level detector (A) and its transfer function (B). 
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This chattering can be avoided by noise filtering, reducing A,, (using a differ- 
ent type of op amp), or using hysteresis as shown in the next section. 

Noninverting level detector Figure 5.7 shows the noninverting level detector 
and its transfer function. The output voltage in this circuit assumes the posi- 
tive state Vz, if v; > Vz and the negative state—V,, if v; < Vz. As before, 
Vr can be positive, negative, or variable. Bias errors are reduced by incor- 
porating R,. Noise problems are reduced by filtering, lowering A,,, or in- 
corporating hysteresis. 


(B) 
Fig. 5.7 Noninverting level detector (A) and its transfer function (B). 


DESIGN PARAMETERS 
ee ee ee ee ee 


Parameter Description 

A Op amp voltage gain at dc 

I, Input bias current of op amp 

Tio Input offset current of op amp 

Ry Resistor attached to op amp inverting input 

R, Resistor which establishes correct current in Z, and Z, 
Ria Differential input resistance of op amp 

Rin Input resistance of circuit 

R, Resistor used to nullify the effects of I, 

A Dynamic resistance of zener diode Z, 

He Dynamic resistance of zener diode Z, 

U; Input voltage to circuit 

Av; (min) Minimum input-voltage change which may cause a full output change 
Vip? Positive power-supply voltage 


———— Ee 
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DESIGN PARAMETERS (Continued) 


Parameter Description 
eee: Negative power-supply voltage 
Vio Input offset voltage of op amp 
roe Output voltage of circuit 
Vote Error in trip voltage due to nonideal op amp input parameters 
Reference voltage used to establish trip point 
Van Breakdown voltage of Z,;, plus the forward breakdown voltage of Z, 
Viz Breakdown voltage of Z,, plus the forward breakdown voltage of Z, 
DESIGN EQUATIONS 
Eq. 
No. Description Equation 
1 Output voltage when vu; < Vr, assuming ideal INVERTING 
op amp parameters and square zener v= Va 
characteristics 
NONINVERTING 
Vy wa —Vzn 
2 Output voltage when vu; > Vr, assuming ideal INVERTING 
op amp parameters and square zener vo =— Vo 
characteristics 
NONINVERTING 
a Van 
3 Maximum deviation from V, of vu; trip point 
considering op amp input parameters and Vin =e (Ve 4B) 
R, = Ry 
4 Maximum deviation from Vez of vu; trip point 
considering op amp input parameters and Ve=2{V, +118, 8) 
R, # R, 
5 Minimum change in v; required to provide Oy ee Vzit+ Vz2 
full-magnitude output change of state ci gue iy 
6 Optimum source resistance R, if effects of _ AV,,/AT 
changes in V,, and I, with temperature are OAL IAT 
to be minimized 
Input resistance of circuit Rin = R, + Rp + Ria 
Output resistance of circuit Rout = Rz1 (positive output) 
or Rg» (negative output) 
9 Optimum size for R, R, is chosen to provide the 


recommended bias current 
through the zener diodes 


5.4 LEVEL DETECTOR WITH HYSTERESIS 


ALTERNATE NAMES Latching comparator, latching Schmitt trigger, latching 
level detector, regenerative comparator, regenerative level detector. 


EXPLANATION OF OPERATION A level detector with hysteresis is the most 
versatile and useful of the comparator circuits discussed in this chapter. It 
can be designed to change output states whenever the input voltage passes 
through any selected reference voltage. The noise immunity can be tailored 
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to each application by choosing the amount of hysteresis. The absolute 
voltages of the two output states are selected by using two appropriate zener 
diodes. 

Inverting level detector with hysteresis A level detector determines if an input 
voltage vu; is above or below a reference voltage Vg. In response to this de- 
termination, the output voltage will assume one of two possible states. 
Referring to Fig. 5.8B, the output-voltage states are +Vz, if vu; < (VeR;— 
R,Vz2)/(Rp ar R;) and —Vz if Up (VeRy + R,Vz1)/(Rp = R;). The actual 


Fig. 5.8 Inverting level detector with hysteresis (A) and its transfer function (B). 


reference voltage is therefore VpR,/(R, + R,;) instead of Vp. In practice, 
however, since only small amounts of hysteresis are required, we usually 
make R, < R,. If R;= 100R,, the actual reference voltage is only about | per- 
cent from V,. 

The hysteresis voltage above Vz is 


aenive 
R, + R; 

and the hysteresis voltage below Vz is 

ERS Vis 
Ry, +R; 


AV, 


AV, 
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The two trip points are therefore approximately Vz + AV, and Vz — AV». 

Op amp input currents will cause another error in the trip points. Input 
bias current I, flowing through R, will make v; differ from the actual voltage 
at the op amp inverting input v,. These two voltages will differ by v; — v, = 
I,R,. If R, is made equal to R; in parallel with R,, the effects of the bias 
current into the op amp input terminals will cancel and this error source will 
be minimized. The difference between the two input currents, i.e., the in- 
put offset current I,,, will be the only remaining current error. The error 
caused by I,, can be minimized by making R, adjustable. Since I, may be 
larger in either op amp terminal, R, should be adjustable from above to below 
the value computed above. 

The op amp input offset voltage causes another error in the trip point equal 
in magnitude to the offset voltage. In the worst case this must be added to 
the offset voltages due to I, and Ij,._ Ij. and Vi, can be of either polarity with 
respect to I,. Assuming all errors are stacked up in the same direction, the 
worst-case offset at v; is 


Vote = Vi. + TioRy 
if R; = R,, and 
Vote = Vio = I, | (Ry — R,) | 


if R, # R,. The op amp null terminals and the adjustable R, can be utilized 
to cancel most of V,,, at room temperature. Since V;,,, I,, and I;, are all time- 
and temperature-sensitive, Vo will assume nonzero values at later times 
and/or other temperatures. The level detector will therefore switch when 
v; = Vz + AV, or v; = Ve — AV; at only one temperature. At later times and/or 
temperatures the trip points will differ from these by a small voltage. 

Since this circuit has positive feedback, the output changes abruptly when- 
ever the trip points are exceeded. The slew rate will be limited to the maxi- 
mum slew rate of the op amp with the compensation used. Once the transi- 
tion between states has taken place, noise will not cause the output to chatter 
between states as long as the noise in vu; is less than 


Av,(min) = AV, + AV, 


Noninverting level detector with hysteresis This circuit is similar to the invert- 
ing level detector with hysteresis. The resistors R, and R, have been inter- 
changed, which reverses the transfer function (compare Fig. 5.8B with Fig. 
5.9B). This also causes the trip voltages to be slightly different, since the 
positive feedback current is now summed with the input current. In the 
inverting circuit the positive feedback current was summed with current 
from the reference voltage Vp. 


DESIGN PARAMETERS 


Parameter Description 

Avo Op amp voltage gain at de 

I, Input bias current of op amp 

Lio Input offset current of op amp 

R, Resistor attached to op amp inverting input 

R, Resistor which establishes correct current in Z, and Z, 
R; Feedback resistor which establishes hysteresis 

Ria Differential input resistance of op amp 

Rin Input resistance of circuit 

Rout Output resistance of circuit 


5-14 COMPARATORS 


DESIGN PARAMETERS (Continued) 


Parameter Description 

Rp Part of hysteresis feedback circuit 

Rzi Dynamic resistance of zener diode Z, 

Rz»2 Dynamic resistance of zener diode Z, 

AV, Portion of hysteresis loop caused by Vz, 

AV, Portion of hysteresis loop caused by Vz» 

U; Input voltage to circuit 

Av;(min) Minimum input-voltage change which may cause a full output-voltage 
change 

Vo Positive power-supply voltage 

Ve} Negative power-supply voltage 

Vio Input offset voltage of op amp 

Vi Lower trip voltage 

Uo Output voltage of circuit 

Vor Error in trip voltage due to nonideal op amp input parameters 

Vy, Reference voltage used to establish trip voltages 

Vy Upper trip voltage 

Vai Breakdown voltage of Z,, plus the forward breakdown voltage of Z, 

Vos Breakdown voltage of Z,, plus the forward breakdown voltage of Z, 


(A) 


(B) 
Fig. 5.9 Noninverting level detector with hysteresis (A) and its transfer function (B). 
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DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Value of positive output voltage Oo = Vai 
Value of negative output voltage vj,=-—Ve 
Upper trip voltage for v;, assuming ideal INVERTING 
op amp parameters and square ys Velie sR Vex 
zener characteristics U Rah: 
NONINVERTING 
yeu Vr(R, + R;) + RpVz2 
pee Nhe SL as BS 
R; 
4 Lower trip voltage for v;, assuming ideal INVERTING 
op amp parameters and square zener Veli; RVs 
characteristics bet belinbh it: 
NONINVERTING 
Va(Rp + Ry) — RpVai 
Vi. ea: 
Ry 
: , V. V 
5 Width of hysteresis loop AV, + AV, = (Var + Vz2)Rp 
R, +R; 
6 Maximum error in input trip point due to 
op amp input errors if Vie=+(V,4+ 5,R;) 
R; = RpR,y/(Rp + Ry) 
a Maximum error in input trip point due to R.R 
“ 5 ( Jaeae fl 
op amp input errors if Vor = + (Vi +1I,|R,-— RR 
R, ~ R,R,/(R, + R;) p f 
8 Minimum change in 0; required to provide Av; ~ 0 since positive feedback 
full-magnitude output change of state makes forward gain approach « 
9 Optimum R, if effects of V;, and I, over 
temperature are to be minimized R, = Avot AT 
of ANE 
10 Input resistance of circuit INVERTING 
Rin = A, He R, ap Ria 
NONINVERTING 
R;R; 
R. = sekete fake (1 AE 
seta acs 
ll Output resistance of circuit Rout = Rz1 (positive output) 
or Rg. (negative output) 
12 Optimum size relationship between R, and R.R 
R, (it is best to leave R,; adjustable) R, => + 


DESIGN PROCEDURE 


One must first establish which performance requirements are most important 
before design can proceed. Often, different performance requirements re- 
sult in conflicts among the various design equations. It is best to write down 
the performance requirements in a list in order of descending priority. Only 
in this way can rational trade-offs be performed when conflicts among various 
design equations take place. 
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For this design procedure we will assume the descending priority of per- 

formance requirements are as follows: 

1. The nominal reference voltage (Vy + V,)/2 is specified. Its stability 
over a given range of temperatures is to be calculated. 

2. The noise level in v; is specified, which implies a minimum size for 
the hysteresis loop (AV, + AV,). 

3. The two output levels are given. 

4. The input resistance is to be chosen for maximum trip-voltage sta- 
bility. 

5. The output resistance is to be calculated. 

6. The minimum allowable supply voltages are to be calculated. 


DESIGN STEPS FOR INVERTING LEVEL 
DETECTOR WITH HYSTERESIS 


Step 1. Select diodes Z, and Z, which are approximately 0.6 V below 
the specified upper and lower output voltages (see Eqs. 1 and 2). Choose 
R, so that the zener diodes operate at the current (and voltages) specified on 
their data sheets. Make sure the chosen current level is comfortably below 
the minimum short-circuit output current of the op amp. 

Step 2. Compute a nominal value for R, using Eq. 9. R, = (AV;,/AT)/ 
(AI,/AT). Use the same AT in both the denominator and numerator. 

Step 3. Choose a hysteresis-loop size Vy — V; which is larger than the 
peak-to-peak noise in v;._ An R, which satisfies Eqs. 3, 4, and 12 is found from 


_ Ri(Ver + Vee) 


RVI 
Step 4. Compute the following: 
_ _R,R; 
Ry je Ryp— R, 


Step 5. Using the specified Vp, find the upper trip voltage from Eq. 3: 
ey VeRy ie R,Vzi 


Bee R,+ R, 
Find the lower trip voltage from Eq. 4: 
y, —VaRy— RpVas 
5 R,+ Ry 


Verify that Vy — V, is correct as chosen in step 3. 
Step 6. Compute the maximum error in trip voltages Vy and V, by using 
Eq:-6: 


Vote a os (Vio ah TioR,) 
Step 7. Compute the input resistance of the circuit. 
Vin fae R, = | ies ar Ria 


Step 8. Compute the output resistance of the circuit using the dynamic 
resistances of the zener diodes at their operating points. 


Rout = Rz1 (positive output) or Rz. (negative output) 
DESIGN EXAMPLE An example of an inverting level detector with hysteresis 


will be described below. The 741 type of op amp will be used, although this 
device is not reeommended for fast level detectors. 
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Design Requirements 

Vyt+V, 
2 

v; (noise < 0.1 V peak-to-peak 
Vz,—=1+10 V 0.5 V) 
—Vz.=—4 V (+0.5 V) 

Device Data 

74] 


Vio coo! = 3 mV max 
ar 2 (+ 25°C) = 15 pV/°C 
Ip (+ 25°C) = 30 nA max 


Al, ee z 
AT (+ 25°C) = 1.3 nA/°C 
R,q(min) =3x10°0 


Minimum short-circuit output current = 10 mA 


= +4 V (approximately) 


Zener Diodes 


i (1N5240) = 9.4 V at 3 mA (+ 0.6 V forward) 

Vz2 (1N703) = 3.4 V at 5 mA (4+ 0.6 V forward) 
a (at 3 mA)=100 
ie (at 5 mA) = 80 0 


NOTE: The zener voltages do not have to be operated at their “data sheet” 
test currents. In operation at lower currents, the zener voltage will decrease 
and the dynamic resistance will increase. Preliminary testing of the zener 
diodes on a transistor/diode curve tracer will allow the designer to determine 
the voltage and dynamic resistance at any operating current. 


Step 1. Trial-and-error calculation of zener currents and voltages is 
required, since both zener currents pass through the same resistor R,. As- 
sume that +20 V is used for the op amp supply voltages. If we also assume 
that 3 V (maximum) is lost in the 741 because of saturation, the op amp output 
voltage will switch between +17 V. The current through R, will be approxi- 
mately 


TAYE 2 LOM Ey 


| Pe 
Z1 R, R 


during the time the op amp output is +17 V. While the op amp output volt- 
age is —17 V, the current through R, will be approximately 


LGN Ave LN 


IL= 
: R, R, 


The current through R, when the output voltage is negative will therefore be 
1, larger than that when the output voltage is positive. Consequently, it is 
recommended that the low-voltage zener be a higher-test-current device 
than the higher-voltage zener. For Z, we will use an IN5240 (10 V at 20 mA 
but 9.4 V at 3 mA according to the curve tracer). The ratio 5 mA/3 mA = 1.66 
is reasonably close to the ratio of currents through R, ('!/,= 1.57). If we 
choose I, to be 3 mA, 
7V 


R, = eA 2,300 
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The current I, will be approximately 


EIPy. 


Tod 


I, 


Step 2 
_ AVi/AT _ 15 wV/°C 
SAA Dai ARC 
Step 3. Since the peak-to-peak noise in v; is less than 0.1 V, we will 
make the hysteresis-loop size 0.2 V. Thus we have 
_— Ri(Vai + Vzz) 
Va avir 
_ 11,500(9.4 + 3.4 + 1.2) 
3 0.2 


= 11,500 0 


Ry 
= 805 kO 


Step 4. R, is found from 
_ _R,R; 
oe R,— R, 
_ 11,500(805,000) 
~ 805,000 — 11,500 
Step 5. The upper trip voltage is 
_ VR, + RpVa1 
R,+ R, 
_ 4x 805,000 + 11,667(9.4 + 0.6) 
a 805,000 + 11,667 


= 11,667 0 


Vu 


= 4.0857 V 


The lower trip voltage is 
Vee VrRy yt RV z2 
x R,+ Rp 


_ 4 x 805,000 — 11,667(3.4 + 0.6) _ 
- 805,000 + 11,667 waste 


The actual hysteresis width will be 
Vu — V,, = 4.0857 — 3.8857 = 0.20 V 


Step 6. The maximum error in the trip voltages V, and V, at +25°C 
will be 


Votre = £(Vio + TioR1) 
= +(3 x 1073+ 3 x 107° x 11,500) = +6.45 mV 
Step 7. The circuit input resistance is 
ja Fo i, R, + Ri; + Ria 
~ 11,500 + 11,667 + 300,000 ~ 323,167 0 


Step 8. The circuit output resistance for positive output voltages is 
10 © (Rz;). For negative output voltages the output resistance is 80  (Rzp). 


Chapter 6 


Converters 


INTRODUCTION 


This chapter will be confined to two types of converters, analog-to-digital 
converters and digital-to-analog converters. The analog-to-digital converter 
is commonly called the A/D converter, or ADC for brevity. The digital-to- 
analog converter is likewise called the D/A converter or DAC. Since these 
are rather complex circuits, we will restrict ourselves to one approach for 
each type. 


6.1 DUAL-SLOPE A/D CONVERTER 


ALTERNATE NAMES Analog-to-digital converter, ADC, A-D converter, dual- 
ramp A/D converter. 


EXPLANATION OF OPERATION Figure 6.1 shows an ADC designed to operate 
on positive input voltages. An inverter in front of the vu; terminal is required 
for negative input voltages. Likewise, the reference voltage Ve must be 
negative. Sequencing of the logic is automatic. The digital equivalent of 
vu; will be repeatedly determined once per cycle. This is the familiar tech- 
nique used in digital voltmeters. The cycle time may range from seconds 
down to milliseconds, depending principally on the speed of the op amps. 

The following explanation of operation assumes an 8-bit ADC. The design 
equations, however, are general enough to handle word lengths other than 8. 


Sa oh 


Fig. 6.1 Simplified analog portion of dual-slope ADC. 
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6-2 CONVERTERS 


This ADC actually has four modes of operation. These modes last for dura- 
tions of T,, T,, T;, and T, s. They are known as: 
T,: clear-pulse mode 
T,: Input-voltage integration mode 
T;: Reference-voltage integration mode 
T,: Standby mode when automatic zeroing may take place 
Briefly, the following events occur during these modes (refer to Figs. 6.1 
to 6.3): 
T,: This pulse clears the 7493s in preparation for a new cycle. Both S, 
and S, are off. FF1 and 2 are set to O = 1. 
T,: S, is on and S; is off. During this fixed length of time the input volt- 
age vu; is integrated. Comparator A, changes state at the beginning of T, as 
Uy passes through zero. 


4 +5V 
O 
5, 85.3 K 
R 2k 
CMOS GATE Vy : O R 3K 
4, 9) ZCD4016 3p S 
O O 
O 
Se) 
85.3K 
+50 J © 20K {120K 
O 
+14 V Comparator 


trip point adj. 


2 
[pF 4 D 
Flipflops Flipflops | Transfer 
= pulse 4 O.1uF 
14 
MSBO OOO OOO OLSB 
) —— 


Eight bit output 


Fig.6.2 An 8-bit dual-slope ADC. 
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T;: S, is on and S, is off. During this variable length of time the negative 
reference voltage drives the integrator output back toward zero. At the end 
of T;, when v2 passes through zero, the comparator again changes state. 

T,: S, and S, are both off. This standby time can be used for automatic 
zeroing. This type of circuitry is quite complex and will not be covered here. 

During T; an 8-bit counter accumulates pulses from a clock. At the end of 
T; the clock is turned off and the counter contents are transferred to an 8-bit 
output register. The binary number in this register is proportional to time T3. 

Assume that v; is constant during T, (this can be done with a sample- 
and-hold circuit). The integrator output voltage at the end of T, is v,(t.) = 
—vu;T;/R,C,._ During T; this voltage is returned to zero using Vp; so we also 
have v2(t3) = U2(t2) — VeT3/RiC;. But v,(ts) = 0; so the following is true: 


est vil, es Val 
or 1, = at (where Vz is negative) 
eae 


The comparator may change states at some nonzero input voltage. This 
will not create an error, since the first integration (T,) is in the opposite direc- 
tion of the second integration (T3) and the errors cancel. The error sources 
which must be considered are the input offset voltage and current of the inte- 
grator. These are partially canceled out (at one temperature) with the re- 
sistor network shown connected to the noninverting input of As. 

Details of circuit operation are rather lengthy, and reference to the timing 
chart (Fig. 6.3) will be necessary. This type of ADC is automatic in operation 


to t; to tz to 
fp 12 fp — 1, ff 
Vi 


Vy [og eth ES. 
-Vr 


ap eR 
0 Sa 
v4 fJ—_—_—_ 
(old eR wr 1 OE OE 
Yyjf{_—_$_?_________ ees 
fA pete res REO 
Se ea BI BEN 


Fig. 6.3 Timing chart for the dual-slope ADC. 


6-4 CONVERTERS 


and performs one analog-to-digital conversion each T, + T, + 7T;+7,s. We 
assume a Starting point for our discussion at the instant T, starts. Pulse T, 
sets both flip-flops to Q = 1 and clears the eight-stage counter to zero. It is 
assumed all zeroing and drift compensation is completed prior to T,. T; is 
generated by the 555 timer and may have a duration of 1 tol10 ms. The spac- 
ing between T, pulses should be at least greater than T, + T; + any zeroing 
time required. 

AND 1 and AND 2 prevent the output of FF 1 from being used until the end 
of T,. After T, is over, AND 1 and AND 3 pass a HIGH 1 to A, which turns 
on the CMOS gate S,. Az is then allowed to integrate v; for a period of time 
T,. As v2 begins to integrate downward, A, switches vz to the HIGH state. 
This signal passes over to AND 4 but cannot pass farther, since v, is LOW. 
Meanwhile, v; is allowing NAND 2 to transfer clock pulses to the 8-bit 
counter. After 256 pulses have been accumulated, the last stage of the 
counter toggles FF1 through OR 1. This terminates the integration of v;. 

At this time T, ends and T; starts. S, is turned off and S, is turned on. This 
action applies a negative Vz to the integrator, resulting in a v, which ramps 
upward. During this time the eight-stage counter receives pulses through 
NAND 1, since v3, v4, and vs; are all HIGH. When v, passes through zero, 
v3 and vs; go LOW, and the counter stops. At this same instant a v¢ pulse is 
generated which transfers the counter contents to some other registers (such 
as a pair of 7475s). This 8-bit word will remain in the holding registers until 
the same time in the next cycle. As the transfer takes place, a trigger is sent 
over to FF 1 to switch v, to the LOW state. At the end of T; the trailing edge 
of the v; pulse also toggles FF2. This also keeps v; at the LOW state. During 
T, both vy, and v; remain LOW. Automatic zeroing can be incorporated dur- 


ing this time to offset any integrator drift which has occurred since the start 
ott. 


DESIGN PARAMETERS 


Parameter Description 
ADC Analog-to-digital converter 

A, Comparator used to drive the CMOS gate S, 
A, Comparator used to drive the CMOS gate S, 
A3 High-quality op amp connected as an integrator 
Ag Comparator used to sense the position of v, 
C, Determines integration time 

Te Clock frequency 

Lio A; input offset current 

N Number of stages in binary counter 

TC Part of integrator time constant 


Rs;, Rsg OWN resistances of S, and S, 
S,to S, CMOS switches 


titOsts Time of different events as shown in Fig. 6.3 

ip Time of clearing and presetting mode 

ie Time for integration of input voltage (fixed duration) 
ses Time to integrate v, back to zero (variable duration) 
p Bs Standby mode 

Te Time of one clock cycle (T, = 1/f,) 

v, to vg Voltage waveforms as shown in Figs. 6.1 to 6.3 

U; Input voltage to ADC 

Ve, A; input offset voltage 

Ve Negative reference voltage 


i 
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DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Integrator output voltage v, at the je ATs 
end of T, Va\t2) = R,C, 
- Integrator output voltage v, at the Vals 
end of T; Uo(t3) = V2(te) — Rc 
3 Pulse width T, Lp m0 BiG. 
Cycle time fis a T. + T; ao T, T; ei fe a T; cs T, a 0.7(Ry2 + Ries 
Length of time T, T= 2 4. 
6 Length of time T; = Stee 
Vr 
Optimum v, pulse width Te = ACs. I: 
Drift of v. during T, + T, integration ee +(T, + T3)[Vio(1 + RiC1) + Rilio] 
period ad RG; 
9 Fractional error in v; conversion due to oe es [Re — Rye| max 
ON resistances of S, and S, sii icine R, 


DESIGN PROCEDURE 


The design of the analog portion of this circuit is straightforward, since it 
contains only an integrator, three comparators, and two CMOS switches. To 
simplify this presentation, no error-correction circuits other than the inte- 
grator compensation circuit are shown. Many zeroing and compensation cir- 
cuits are seen in the ADC literature. 

The prime trade-offs to be considered are the cycle time vs. speed of de- 
vices and the number of output bits vs. offset errors. The dual-slope ADC is 
normally used in low-speed, high-accuracy systems. In this procedure we 
will assume, therefore, that the cycle time T, + T, + 7T3;+ T, is fixed. The 
offset errors are mostly removed by the integrator compensation-resistor net- 
work. Higher-accuracy systems would require many more gates and logic 
than shown here. 


DESIGN STEPS 


Step 1. Determine R,. and C, with Eq. 3. The time T, is chosen to be 
1 to 10 ms, which is much more than adequate to set FF 1 and FF2 and clear 
the counter. 

Step 2. After a total cycle time T, + T, + T3; + T, is chosen, Rj; is com- 
puted using Eq. 4. R,3 can be made adjustable if a variable cycle time is re- 
quired. The minimum R,;, however, is constrained by the maximum T, and 
T; expected in the following steps. 

Step 3. Calculate the time T, using Eq. 5. Ascertain that this gives 
reasonable values for R,; and C, using Eq. 1. This is done as follows: First 
compute T, using N, the number of conversion bits required, and T,, the pe- 
riod of one clock cycle. Let v; be the largest expected input voltage and let 
\v.(t.)| be at least 2 V less than |V™|. The R,C, product resulting from using 
Eqs. l and 5 may be quite large if long integration times are desired. Large 
values of C, may result in capacitor leakage currents approaching the input 
bias current of As. The zero-adjust circuit will make up for some of this error 
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at one temperature. Large values of R, will cause an equivalent input-voltage 
offset due to the input bias current. Again, the zero-adjust circuit will prob- 
ably cancel out much of this error, but caution is still advisable. 

Step 4. Use Eq. 6 to determine the required reference voltage Vp. Let 
T; = T, as computed in step 3. Again, use v,(max) for the calculation. 

Step 5. Select resistor ratios R3/R, and R;/Rg which will provide at least 
several times +(V;, + I,R,) at each end of R,. Let R, be at least ten times 
R,+R,. Set R, = R, so that bias currents into A, will have a first-order can- 
cellation. R, can be used to trim any remaining offsets. 

Step 6. Rg is chosen to be greater than the manufacturer's recommended 
minimum-load resistor for As. 

Step 7. Ry4 is selected so that it will sink the input current of OR 1 and 
the 7475s without producing more than | V. 

Step 8. The maximum drift in v, at the end of the T, to T; integration 
period is found from Eq. 8. 


EXAMPLE OF AN ADC DESIGN We will numerically illustrate the design 
procedure by designing a basic 8-bit ADC. 


Design Requirements 
v,(max) = +1 V 
Vre,=—-1V 
f.= 1.0 kHz (T, = 103 s) 
N=8 
Cycle time = 1 s 
T, = 10 ms 
U2(t.) = —3 V maximum 
Voy 

Device Data (—55 to +125°C) 
Vip a 5 mV 
I, = 50 nA 
Ij,o = + 30 nA 
R,(nominal) = 2,000 0 
S, to S, ON resistance range: 100 to 1,000 0 


Step 1. We have chosen T, = 10 ms so 
Ape 0.01 
Oar O7 


Let us choose a convenient value for C, such as 0.1 uF. Thus, 


_ 0.0143 _ 0.0143 
A Colca 0: 


HA2700 op amp 


Ry»C, = = 0.0143 


= 143 kO 


Step 2. The total cycle time is determined principally from R,3 and C3. 
Since C, is already found, 


T, +T, +7, + T. 
Ri — * ae C, =— Ri: 
= ] 
O70) 
Step 3. Using Eq. 5, we get 


T, = 2*T, = 28 xX 10°73 = 256 ms 


— 143,000 = 14 MQ 
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From a slight rearrangement of Eq. 1 we get 


RC, = T.v,(max) = (0.256) x 1 — 0.0853 
| v_(max) | |-3 | 


If we choose C, = 1 uF, 


0.0853 0.0853 
R,= We = 10-6 = 85.3 kO 


Step 4. Using Eq. 6 we get 


a —v,T, a —v;T, ii es 
Vr = T == Ts a al BF ih V 


Step 5. The maximum input offset over temperature will be 


V,,(equivalent) = +(V;, + 1,R,) =+(5 X 10°37 +5 x 1078 x 8.53 x 104) 
sse12imvV 


We need to generate at least + 12 mV from + 2.4-V sources. If a maximum 
offset adjustment of + 20 mV is assumed, we need 


Roe er 8 20nv 
R,+R, R,+R,e 24V 


This can be satisfied by Rg = Rg = 1,000 © and R; = R;= 120 kM. +R; can 
be a 20-kQ potentiometer. First-order cancellation of input offsets is achieved 
by letting R, = R, = 85.3 kQ. 

Step 6. As per the manufacturer's recommendation we choose Rg = 
2,000 ©. 

Step 7. IfOR 1 is a 7432 and the 4-bit registers are 7475s, R,, must sink 
10 mA while v, is in the LOW state. This current must not produce more 
than 1 V across R,,. We therefore require that 


Ru = 1V/10 mA = 100.0 
We will assume Ryz= 100. This will make the transfer pulse width 
V,(pulse width) ~ R,,C; ~ 100 x 1077 =~ 10 ws 


This is a sufficient trigger pulse width for any TTL device. 
Step 8. If an active integrator drift-compensation circuit is not used, 
the maximum error of v, at the end of each cycle may be found from Eq. 8: 


+(T2 + Ts) [Viol + RiCs) + Rilio] 
RC, 


_ +(2 x 0.256) [5 x 10%(1 + 0.0853) + 85,300 x 3 x 107°] 
ve 0.0853 


Av,(max) = 


= + 46 mv 


Voltage v, integrates down to —3 V for a maximum v; of 1 V. Thus, a 48-mV 
error in U, is equivalent to a 48/3 = 16-mV error in the measurement of ¥j. 
This is significantly larger than the basic A/D error caused by converting v; 
into 256 discrete digital output numbers (this is called quantization error). 
The quantization error of an 8-bit ADC operating on a v;(max) of 1 V is 
1 V/256 = 3.9 mV. However, this effective 16-mV error in v; occurs only in 
the worst case over the full —55 to +125°C temperature range. 
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6.2 DIGITAL-TO-ANALOG CONVERTER 
ALTERNATE NAMES D/A converter, DAC, unipolar D/A converter. 


EXPLANATION OF OPERATION The R-2R ladder method of D/A conversion 
has the advantage of requiring only two resistance values in the resistor net- 
work. Converters which utilize ladders having binary-weighted resistors 
result in a large spread of required resistor values. For example, a 10-bit D/A 
converter would require the largest ladder resistor to have 1,024 times the re- 
sistance of the lowest resistor. Converter errors may occur with large 
resistance values because of op amp input bias current. Low resistor values 
create possible error sources because the resistance of the switch (op amp 
voltage follower) for each binary bit becomes appreciable in comparison with 
that of the resistor. The R-2R ladder overcomes both these problems by 
utilizing mid-range resistors. We will present equations which give the 
errors caused by resistors (in the ladder network) which are too large or 
too small. 

The operation of this D/A converter is best understood by first assuming 
that one bit of the input digital word is OFF and all other bits are ON. After 
U, is determined for each bit, one at a time, superposition is used to deter- 
mine v, for any arbitrary combination of input bits. Suppose first that bit 1, 
the most significant bit (MSB), is OFF (v; = 0) and all other bits are ON (v, 
through vs =+5 V). If Gl is an inverting gate, such as 1/6 of a74CO4 CMOS 
hex inverter, then vy will be OFF when v, is ON. The output of Aj, vj9 will 
also be ON. A CMOS gate driving a voltage follower produces precisely 
+5.00 V when v4) is ON and 0.00 V when v,) is OFF. The error is less than 
1 mV if selected 74CO4 devices are used. Of course, the +5.00 V supply 
for these gates must be regulated as shown in Fig. 6.4. The voltage at v,, is 
determined by noting that this type of ladder network has a resistance to 
ground of exactly 2R when looking left or right of any node. A, is driving v,, 
with a 2R source resistance; so the voltage at v,, is precisely 5/3 V when 
©19 = 5.00 V. 

By similar reasoning, if v, is OFF and all other inputs are ON, v1,= 5/3 V. 
Transferring v ,, over to v,, results in 5/6 Vatvu,,. This is one-half that achieved 
at 0;, when v, was OFF and all other inputs were ON. Going down the lad- 
der, we find that each bit, by itself, contributes one-half the voltage to v,, of 
the bit to its right. If all inputs are OFF, the voltage at v,, is 

et So eg eee ees 5 5 


5 
vu(max)=+3+ 6+ 75 +954 + Gg t 96 + Toa + 3eq = 3-320 V 


The Ag circuit has a gain of 
ere 
Ave = 1+ R, 
In practice R; is usually twice Rg, giving A,, = 1.5. In this case we get 
Vo = 3.320 X 1.5 = 4.9536 V. The full-scale trim pot R; can be adjusted so 
that the output voltage is exactly 5.000 V when all inputs v, to vg are OFF. 
The zero trim pot R; is set so that v, = 0.000 when v, to vg are all ON. This 
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O +10 
R, 


Zero Re 
trim 
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AN 
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Fig. 6.4 A high-precision R-2R D/A converter. 


zero trim may not be possible with some types of op amps. In these cases a 
negative supply voltage (—5 or —10) may be required for Ag. 

The error sources in this circuit are the resistor ladder, input offset drifts 
of Ay, and the stability of Z. The feedback network resistors of Ay, the zero 
trim pot, and the full-scale trim pot must also be considered. All resistors 
mentioned above should be of the low-drift metal-film type if 8 bits or more 
of D/A conversion is required. A, should be a low-offset, low-drift op amp. 
The R and 2R resistors should be kept under 100 k0 so that Ag bias currents 
do not develop appreciable errors. Lastly, the reference diode Z should 
be sufficiently stable for the number of bits chosen in this DAC. 


DESIGN PARAMETERS 


Parameter Description 


A, to Ag Voltage followers which provide nearly zero loading of the CMOS gates 
and drive the resistor network with a nearly zero source resistance 


Ag Inverting amplifier which provides nearly zero output resistance 
Ai Voltage follower to provide low-resistance source of +5-V reference 
A, Op amp open-loop gain 


DAC Digital-to-analog converter 
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DESIGN PARAMETERS (Continued) 


Parameter 
G, to Gg 


LSB, MSB 


Description 


CMOS gates (selected for low saturation voltages) 

Input offset current of Ay 

Least significant and most significant bit of input digital word 

Number of conversion bits 

Standard resistance used in precision resistor network. This value is 
chosen such that a reasonable compromise between the errors calcu- 
lated in Eqs. 4 and 5 is achieved 

Output resistance of op amps A, to Ag, (closed-loop) 

Open-loop output resistance of op amps 

Output voltage of DAC 

Voltages as indicated in Fig. 6.4 

Input offset voltage of Ag 

Reference voltage 

Zener breakdown voltage 

Reference diode 


DESIGN EQUATIONS 


Eq. 
no. Description Equation 
. 0, | ve On 
1 Output voltage as a function 6, =e tT Pa 
: Dae 2 
of inputs 
2 Voltage gain from v,,; to v, Ase = 1+ = 
7 
; sit 
3 Output resistance of A, to Ag R,= 
1+A, 
(closed-loop) 
R 
4 Worst-case error in Uj) due to the Av,9(max) = ARoinax) 


change in output resistance of 
A, (important if R is low) 


5 Worst-case error in v, due to 
changes in V;, and I;, of Ag (im- 


NOTE: This implies that 3R must be at 
least 2" times larger than AR,(max) 
in order to maintain accuracy 

Rs 


Av, = (a == RV a Rolo 
R, 


portant if R is high) 


Co) 
6 Resistor values, R, R, ~ yi ; ul 
Z 
7 R, R,=R,.+R,+R,>10R, 
8 R, R, = RrlVe = 5Vie(max)] 
Vz 
10V,,R 
9 R = ioft 7 
3 R,; V, 
10 Ry R,=R,—R,.—R; 
11 R; R,; = 100 to 1,000 0 
R;V. 
113 R = 5YR 
; Re 10V,,(max) 
2RA 
13 R pe ve 
Sea) 
14 Rs Rs as R7lAge a 1) 
15 R R > 2°R, 
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Chapter 7 


Demodulators and 
Discriminators 


INTRODUCTION 


Signal-processing circuits are often called upon to extract one type of infor- 
mation from a composite waveform. This process is called demodulation, 
since it is the inverse to modulation. Traditionally, some demodulator cir- 
cuits are called discriminators, and these two names are often used inter- 
changeably. We will present design equations for three types of demodulators 
in this chapter. For AM demodulation we choose the synchronous demodu- 
lator, since the standard continuous AM demodulator, or precision rectifier, 
is presented in Chap. 16. The circuit to be shown for FM demodulation is 
a precision-type circuit which requires no tuned circuits. Pulse-width de- 
modulation (or discrimination) is the last subject to be covered. 


7.1 SYNCHRONOUS AM DEMODULATOR 


ALTERNATE NAMES Phase-sensitive demodulator, suppressed-carrier AM 
demodulator, synchronous-switching demodulator, phase-sensitive detector, 
lock-in amplifier, synchronous detector. 


EXPLANATION OF OPERATION In addition to all the above names given to 
this circuit, it can also be considered to be a synchronized full-wave rectifier. 
If the input signal v; is exactly in phase with the carrier signal v,, the output 
will look like a full-wave rectified waveform. As shown in Fig. 7.2, the aver- 
age value of the full-wave rectified output is the parameter that is maximized. 
If v; is 90° out of phase, the average value of the output is zero. Likewise, 
most random noise will not be synchronous with v, and will be greatly at- 
tenuated in this circuit. Synchronous demodulators are often used in low- 
noise systems because of this noise-reducing property. 

The A, stage of Fig. 7.1 is an inverting amplifier with a gain of —R,/R,. 
Thus —v;R,/R, appears at the left side of switch S. This signal receives 
further gain of —R,/R, during the time when S is on. Through this route the 
signal receives a total gain of R,R;/R,Rs. To this must be added the signal at 
UV, coming directly through R; with a gain of —R,/R;. During the time S is on 
we have 
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as RoRz =) 
v,(S on) = v; Gor R, 
While S is off we have 
ety ee 
0,(S off) = v/( a 


To provide a symmetrical full-wave rectified signal at v, with minimum ripple 
(when vu; and v, are in phase), the gain term R,R,/R,R, must be twice the size 
of R,/R;. Under these conditions the maximum output voltage is 


E 
Fig. 7.1 Synchronous AM demodulator. 


The dc output voltage as a function of phase angle ¢ between »v; and t, is 
(assuming v; is a sinusoid) 


v(dc) = 0.637 |v;(peak)| = cos ¢ 
5 


The 0.637 constant is the average value of a half sine wave. If v, is another 
type of waveform, another appropriate constant will be needed. The A, 
stage is an integrator with dual inputs (through R, and R,). The degree of 
ripple in v, can be controlled with C,. If this capacitor is not too large, no 
integrator reset is needed. A compromise between output ripple and drift 
must sometimes be made. The peak-to-peak output-ripple voltage when 
v; and v, are in phase is 


v;(peak-to-peak) 


-to- = 
v,(peak-to-peak) S OmRC, f, 


Fig. 7.2 Waveforms at various points in synchronous AM demodulator. 


a LN SX 


vj (90°) 


Vo (vj = 90°) 


DESIGN PARAMETERS 


Parameter 


SYNCHRONOUS AM DEMODULATOR 


Description 


Closed-loop gain of entire circuit 


Current gain of Q 


dc average = 


dc average 
= zero 


Capacitor which controls magnitude of ripple in v, 


Coupling capacitor for v, 
Switching diode 


Chopper (or carrier) frequency into Q 
Collector-base leakage current of QO 
Phase difference between v; and v, 


Drive transistor for FET 


Gain-determining resistors for A, 
Gain-determining resistors for A, 
Used to null effects of input bias currents in A, and A, 
Causes the FET source-to-gate voltage to return quickly to zero bias 


when (Q is turned on and D is reverse-biased 
Resistors used to set proper current levels in Q 


FET switch (low ON resistance desirable) 


Collector supply voltage for OQ 


Chopper (or carrier) input rectangular waveform 


Input signal to be demodulated 


Input signal exactly in phase with v, 
Input-signal phase leading the phase of v. by 90° 


Circuit output signal 
FET pinch-off voltage 


0.64 vi (peak) 
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DESIGN EQUATIONS 


Eq. 
No. Description Equation 
4 ‘ : bee. RR; me R, 
1 Voltage gain while S is on Ave = of eT Re 
. ° ° Vo R, 
2 Voltage gain while S is off Ay == -— = 
Uj Rs 
3 Relationship between gain-determining AeRa= 2 Bik, 


resistors to provide minimum 
unfiltered output ripple 


4 Average dc output voltage as a function R 
of phase angle between v; and v, v,(dc) = 0.637 |v,(peak)| aE cos 
(assuming v; is a sinusoid) 5 


5 Peak-to-peak output-ripple voltage v;(peak-to-peak) 


v,(peak-to-peak) S 


when v; and v, are in phase IrRs Cus 
; : _ _R,R, 
6 Optimum size of R; A= REER: 
. . — eee > 
7 Optimum size of Rg R= VR, + 1/Re + UR; 
Minimum required V,, Veco > v,(peak) + V, + 2 
Maximum required V, Vi < v;(peak) —2 
: : <e v-(peak) BR 10 
10 Optimum size for Ry Ry = aay Saved | Ve 
: ; ] 
11 Optimum size for R,, Ra 0h Ca Ry 
pe 3(Ry + R41) 
12 Minimum size for C C, > —* + 
; ; f-RoRi 
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7.2 FM DEMODULATOR 


ALTERNATE NAMES ‘Time-averaging FM demodulator, FM discriminator, 
FM detector, pulse-counting FM demodulator, frequency meter. 


EXPLANATION OF OPERATION An FM demodulator of this type does not 
require tuned circuits. Thus the circuit will not drift out of tune as it ages. 
This is very important in applications where unattended operation for long 
periods of time is mandatory. Basically, the demodulator shown in Fig. 7.3 
is composed of four simple circuits discussed in other chapters of this book. 
First, a zero-crossing detector (see Chap. 5) changes the input signal into 
rectangular waveforms. This signal, as shown in Fig. 7.4, is differentiated 
in the second circuit (see Chap. 15). Then the negative (or positive) pulses 
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from the differentiator are removed with a precision rectifier (see Chap. 16). 
A simple passive rectifier circuit can be used if de stability of the demodulator 
transfer function is not important. Fourth, a low-pass filter (or integrator) 
produces an output waveform which is equal to the average value of the 
positive (or negative) pulses. This filter controls the magnitude of ripple 
present in the output signal. The low-pass filter circuit is easily combined 
with the precision rectifier by merely installing the capacitor C,. If separate 
low-pass filtering is desired, Chap. 10 should be consulted. 

As shown in Fig. 7.3, A, is connected as an inverting zero-crossing detector 
with hysteresis (see Sec. 5.2). The peak-to-peak hysteresis is chosen so that 
it is at least an order of magnitude larger than the peak-to-peak noise present 


Rs 


Vo 


Fig. 7.3 A time-averaging FM demodulator. 


in V;. A, can be a comparator type of op amp if high speed is important. 
The slew rate of A, over the peak-to-peak limits of v; must be substantially 
faster than the time of one cycle of V;. Otherwise v, will be triangular in 
shape instead of rectangular. 

The design of the A, stage should proceed as outlined in Sec. 15.1. R,and 
C, are required to guarantee feedback stability. R, and C, help reduce bias 
drift and noise problems. C, and R; determine the actual differentiation 
properties of this circuit. 

The transfer function of the differentiator is 


V2 we R,C,exp(-#/R.C,) ane R;C,exp(—t/R4C;,) 
Ue RC, on RG; 
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fo + fm fo-fm 


Vi 


Average 


Fig. 7.4 Waveforms at various locations in Fig. 7.3. 


C, and R; must be sized according to the constraints imposed by the follow- 
ing: 


econ SHC tein Cee 
t |max 
dv, 
where —— = S(max) = slew rate of A, 
dt |max 
Also, the time constant C,R; must be approximately 
1 
m2 Bflenin) 


where f,(min) is the minimum carrier frequency expected. This equality 
guarantees that each v, pulse will return to the baseline before the next 
pulse occurs. If the tail on each pulse gets too long, the amplitude of v, is 
reduced. This reduces the overall demodulation sensitivity of the circuit. 
If C,R; is too short, the average rectified signal at v, will be too small, and 
again, sensitivity will be reduced. 

The last stage of the circuit can be designed for a positive or negative out- 
put as shown in Chap. 16. The filter capacitor is chosen such that the carrier 
frequency f, ripple is greatly attenuated compared with the FM modulation 
frequency fm. According to Chap. 16 we must have 


<C,< 


] 2 
2Qrf-Rs 2trfimRs 


Oe —_ 
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If the modulation is not present, the quiescent output voltage v, will be 


0.45 v.(rms)Rz 


U,(quiescent) = 
R, 
DESIGN PARAMETERS 
Parameter Description 
Aj Op amp for zero-crossing-detector stage 
A, Op amp for differentiator stage 
As Op amp for rectifier-filter stage 
C, Primary differentiation capacitor 
Ge Provides feedback stability in A, 
C; Provides feedback stability and reduces equivalent input noise 
of A, 
C, Filter capacitor for A; 
D,,D, Provides precision rectification in conjunction with A, 
5 Input carrier frequency 
io Modulation frequency 
R, Protects A, from large V; transients 
R2, Rg Establishes hysteresis in zero-crossing detector 
R, Provides feedback stability in A, 
R; Primary differentiation resistor 
R, Used to cancel effect of op amp input bias current 
Rz, Rs Establishes gain of rectifier-filter stage 
Slew rate of A, 

V; Input carrier containing FM 


V,,(peak-to-peak) 
v1 


Peak-to-peak noise in V; 
Rectangular waveform produced by A, 


Ve Differentiated v, 
Vo Modulation signal extracted from V; 
DESIGN EQUATIONS 
Eq. 
No. Description Equation 
1 Transfer function of differ- vz _ RgCiexp(—t/RsC2) — RsC,exp(—t/R4C;) 
entiation stage v1 R,C,—R;C, 
2 Maximum allowable slew rate gash a v,(max) 
of input stage AC. 
3 Nominal value for time con- Pie 1 
stant of pulse tail eat imin} 
4 Range of C, so that f, ripple iJ ee i! 
is minimized and f,, modula- QrfRs Darkly 


tion is maximized 


a) Quiescent output voltage with 
no FM modulation present 


6 Resistor values 


0.45 v,(rms)Rg 


v,(quiescent) = R 
7 
_ RR; 
jeus R,+R; 


R,=1 to 10 kO 
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Eq. 
No. Description Equation 
oh | eee Vs) ele cal 
ome: qe ay 
R,, Rs, Rg: See steps 1 through 9 of Sec. 
15.1 
Ro=240 10kO 
R, = 10 to 100 kO (depends on size of v, 
required) 
_ _R,Rs 
ai R,+Rs 
L Capacitor values C,, Cz, C3: See steps 1 through 9 of Sec. 
151 
C,: See steps 5 through 7 in Sec. 16.2 
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7.3 PULSE-WIDTH DISCRIMINATOR 


ALTERNATE NAMES Pulse-width demodulator, pulse-width detector, pulse 
catcher. 


EXPLANATION OF OPERATION In communication systems a need often arises 
to extract pulses of a given width from a line containing a multitude of wave- 
forms. The circuit described here generates an output pulse if and only if 
a pulse is received which is a specified width + some given tolerance. This 
circuit allows the designer to choose both the pulse width and the tolerance. 
Referring to Fig. 7.5, this pulse-width demodulator operates as follows: 

1. The input pulse is first “squared up” using a level detector with hys- 
teresis. This circuit changes all input waveforms into pulses of uniform 
amplitude and rejects all noise below a specified threshold. This is further 
clarified in Fig. 7.6, where pulses of various lengths, amplitude, and noise 
content are shown. 

2. The input pulse, of unknown length T,, is then applied to an inte- 
grator-level detector circuit, and also to one input of a NOR gate. 

3. The integrator-level detector will trip if T, is longer than the required 
pulse T, minus a specified tolerance. Thus v, will go low if T, > T, — AT,,. 

4. When v, goes low, it causes the A; single shot to generate a pulse 
having a width T,=2 AT,. This pulse goes to the other input of the NOR gate. 

5. If the input pulse T, ends during the time T; is present, a pulse will 
appear at us. If T, ends before T; starts or after T,; ends, no pulse will occur 
at Us. 

6. The pulse width at v; will depend on the width of each T, pulse and 
the width of AT,. Another single shot, Aq, is therefore added so that uniform 
output pulses are produced. 

The first level detector A, is designed according to rules outlined in Sec. 
5.4. In some applications a zero-crossing detector with hysteresis may be 
more useful (Sec. 5.2). Section 20.3 provides all the necessary design in- 
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Fig. 7.6 Timing diagram of pulse-width discriminator (T, = 1.0 ms and T, = 0.4 ms is 
assumed). 
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formation for the two one-shot circuits. If a positive output pulse T, is re- 
quired, an op amp-or transistor inverter may follow the A, circuit. 

The integrator is merely a passive circuit composed of R; and C,. These 
should be low-drift (and low-leakage) parts if precision pulse-width dis- 
crimination is required. C, is discharged through D, at the termination of T;. 

Suppose one wants to make the pulse width T, and tolerance + T, adjusta- 
ble. R; is the best candidate fora T,—AT, adjustment. Rjg¢ is the best choice 
for a potentiometer to adjust 2AT>,. 


DESIGN PARAMETERS 


Parameter Description 

Al,,/AT Change in input bias current as a function of temperature for A; 

Aly./AT Change in input bias current as a function of temperature for A, 

Iz, to Ize Optimum zener currents for Z, to Ze. 

S; Slew rate of A; 

S, Slew rate of A, 

T, Output pulse width 

ue Nominal acceptable input pulse width 

PA; Range of input pulse widths which cause circuit to generate an output 
pulse 

tip Tolerance of acceptable pulse widths (T;= 2AT,) 

1 Input pulse of unknown width 

v, tov, — Nonlinear waveforms at various points in circuit 

Av, Peak-to-peak hysteresis for first level detector 

Av, Peak-to-peak hysteresis for second level detector 

Av; Change of v; as the NOR gate output changes from high to low 

v; Input voltage to circuit 

Lo Output voltage from circuit 

Vor Forward breakdown voltage of D, 

Vinze Forward breakdown voltage of Z, 

Vin Trip voltage for first level detector 

Vie Trip voltage for second level detector 


Vz, to Vzg Optimum zener breakdown voltages of Z, to Zs. Note that calculations 
using Vz3 to Vzg must include the forward breakdown voltage of the other 
zener in series with them 

AV io: /AT Change of A, input offset voltage with temperature 

AVio2/AT Change of A, input offset voltage with temperature 

vo Positive power-supply voltage 

Ve Negative power-supply voltage 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 


1 Required pulse width minus tolerance T,— AT, = R.Ciin( 2] 
Va = Viz 


where V,, = second-level-detector trip 


point 
2 Pulse width of i Ie Te = 2ATy = 0.8 RieC3 

if Ras os Ris and Via = 3 Vv 
3 Output pulse width t=O. ShaG. 


if Ri = Rao and Vie Does 
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Eq. 
No. Description Equation 
4 Pulse width at v; t, — t, = T, + AT, —T, 
(only if T, is in the range T, + AT,, 
otherwise t; — t, = 0) 
5 Trip voltage for first level detector Vn = Mal} Ro) + Rion 
2 
6 Peak-to-peak hysteresis for first level Pee (Vz + Voi) Ri 
detector i, eR 
7 Trip voltage for second level detector V,.= NeheS Wek: 
R,+ Rg, 
8 Peak-to-peak hysteresis for second ees (Vz2 + Voz2)R7z 
level detector . R,+Rs 
9 Optimum R; if effects of V;, and I, BY ee AVio;/AT 
(of A,) over temperature are to be o> AL AAT 
minimized 
10 Optimum R, if effects of V;, and I, ts AV ioo/ AT 
(of A,) over temperature are to be ee Alle. 
minimized 
; ; ‘ R,R, 
11 Optimum relationship among R,, Ra», R; = 
R,+R, 
and R, 
, ‘ : R,Rg 
12 Optimum relationship among Rg, R,, R= R. +R. 
and R, . : 
Vo =i Vai 
13. Optimum resistance of R, R= aie 
Z1 


DESIGN PROCEDURE 


As with any circuit-design task, the designer must first ask: What are the 
constant and variable parameters in this circuit? We will assume that the 
constants of this design task are T,, + AT,, the minimum full-width voltage 
of T,, the peak-to-peak noise in v;, and the characteristics of the output pulse. 
The other parameters will depend on these constants, as shown in Eqs. 1 to 8. 


DESIGN STEPS 
Step 1. Compute a nominal value for R3 using Eq. 9. 


_ AVio AT 
AI,,/AT 


Use the same AT in both the numerator and denominator. Do not allow R; 
to go above 20 k© (bipolar op amps). 

Step 2. Choose a highly stable regulator diode for Z,. Otherwise, the 
voltage charging the R;-C, integrator will vary with temperature and T, — AT, 
will be unstable. 

Step 3. Choose a hysteresis width Av, which is 1 to 10 percent of the 
trip level V,;,. At this point Eqs. 6 and 11 can be combined to determine Rj: 


me R3(Vz1 + Vos) 
Vz, — Av, 


R3 


R, 
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Step 4. Use Eq. 11 to calculate 
_ RRs 
R, ey R, 


Step 5. Equation 5 is now rearranged to determine the required bias 
voltage V4: 


R» 


R2Vii — RiVoi 
R,+ R, 
Step 6. Calculate a resistance for R, using Eq. 13 which will drive the 
optimum current through Z,. This current will be found on the Z, data sheet. 
Make sure that R, < R, + R, so that R, will drive the correct current into Z,. 


This inequality should be satisfied by a factor of at least 100. 
Step 7. Compute a nominal value for Rg using Eq. 10: 


kee AV io2/AT 
AIy2/AT 


V,= 


Re 


Use the same AT in numerator and denominator. Keep Rg < 20 k© for bipolar 
op amps. 

Step 8. Z, does not need to be a voltage-regulator diode, since Ag is 
merely providing a trigger pulse for A3. The nominal value for Rg is cal- 
culated as follows: 


“hd Vo = Vz5 


Laeger 


It is recommended that Vz. ~ Vz3 so that V3 will adequately trigger the T; 
single shot A3. As will be shown in step 13, for TTL logic circuits, Vz. ~ 5 V. 

Step 9. Choose a hysteresis width Av, which is 1 to 10 percent of the 
trip level V,2._ Equations 8 and 12 are combined to provide a method to 
find R;: 


Rie Re(Vz2 + Voze) 
i Vz2 + Voze — Ave 


Step 10. Use Eq. 12 to calculate 


RoR; 


BNE Te 


Step 11. Equation 7 is now rearranged to determine the required bias 
voltage Vz: 


_ Via(Rr + Re) — VaoRr 


Ve R, 


Step 12. Equation 1 is rearranged so that R;C, can be computed: 


T, — ATp 
hes In[Vzi/(Vz1 — Viz) ] 
Individual values for R; and C, are determined using the following ideas: 
1. R; must not load down the regulated voltage established by Z,. Other- 
wise Eq. 1 will not be true. If possible, let R; be 100 or 1,000 times larger 
than R, to overcome this problem. 
2. C, should be a high-quality low-leakage capacitor if stability of 
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T, — AT, over temperature is required. It is recommended that C, not exceed 
0.1 pF. 

Step 13. Choose Z, to be compatible with the voltage requirements 
of the NOR gate. For TTL logic a 4.8- to 5.1-V zener diode should be ade- 
quate. R,, is chosen to provide the zener current, the current through Ri, 
to R,,, and the current into the digital device. Ifthe digital device is TTL, it 
will draw no current when v, is high. Thus, if R,, and R,, are 10 to 100 times 
larger than R,,, their loading effect on Vz; will not be worth considering. The 


nominal value for R,, is 
(i) a 
ye ees 
I74 


Ri; 


Step 14. Find the resistances of R,; and R,, as follows: 


100V 
Ry, = Ry= a 


I74 
Step 15. Let R,, = Ry, = 10 kQ if a bipolar monolithic op amp is used 


for Az. Set Rio = 10R,3. 
Step 16. Make sure that 


Via + Vas 
2 S3 


If this inequality is not true, A; may be too slow (S; too low) for this applica- 
tion. 

Step 17. Calculate C,=T;/Rio. If RioC, is too small, triggering will not 
occur. If RoC, is too large, multiple output pulses will occur for each input 


< T, 


pulse. 
Step 18. Set Rig= 2 R,3. Compute C3 as follows: 
ee! 
O3= 08 Rye 


Step 19. Choose Z; and Z, according to the output-pulse requirements 
of the discriminator. R,., is computed as follows: 


(+) — 
a Vie 
Nae oe : 
[76 


Step 20. Determine the resistances of Rig and Ry» from 


Step 21. Let Ry, = R., = 10 kO if a bipolar monolithic op amp is used 
for Ay. Set Rig= 10 Ryg. 
Step 22. Make sure that 


Vis + Vie 
O34 


If this inequality is not true, Ay may be too slow (S, too low) for this applica- 
tion. 

Step 23. Calculate C,;=T,/Ris. Multiple triggering or lack of triggering 
will result unless C, is properly sized. 


Ue 
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Step 24. Set Ros = 2Ryy. Compute C; as follows: 


a= T, 
~ 0.8 Ros 


Cs 


DESIGN EXAMPLE As a numerical illustration we will design a discriminator 
for extracting 10-ms pulses from a noisy signal. The results of tests on an 
actual circuit built according to the design steps confirm the validity of this 
example. 


Design Requirements 
T, = 10 ms with +5-V amplitude and 10-ms spacing between pulses 
T;: 20 percent of T, or 2 ms 
v; = +5-V composite waveform with 1-V noise (peak-to-peak) 
Vo =+10 V and V?=—10 V 
T,: 5 ms, +5.5 V standby, —5.5 V during pulse 


Device Data 


AV io1 wh AVioe wes che fe) 
AT ~ AT = 5 mV (—55 to +125°C) 
Aly, _ Alvy 


AT AT = 400 nA (—55 to +125°C) 


Iz, = 0.5 mA (1N4566, 6.4 V) 
Iz = Iz3 — Iz4 aa Iz5 x 5 mA (1IN705A, 4.8 V) 


Step 1. Equation 9 produces 


R= AVios/AT 
st ey ey eb 


Lines gel Ore 

ee10= 

Step 2. A 1N4566 reference diode (6.4 V) is chosen for Z,. Its tem- 

perature coefficient is 0.005%/°C; so it will contribute an error to T, which 
can be calculated using Eq. 1. 

Step 3. The trip level V,; of the first level detector is chosen to be 3 V. 

This level is halfway between the peak noise and the peak voltage of the 


input pulses T,. The hysteresis width Av, is chosen to be 1 percent of 3 V, or 
30 mV. R, is now computed: 


R3(Vzit+ Vp) (12,500)(6.4 + 0.7) 
|e Paget eal Skt RMR 8) RR Nl sates ata Ry hd LE 
: Vz,— Av, 6.4 — 0.03 cee U 


Step 4. Equation 11 now provides us with R,: 
R,R; _ (13,932)(12,500) _ 
R,—R,; 13,932 — 12,500 — ae a ie 
Step 5. The bias voltage V, is now computed: 
R.V;;—R,Vp,; — (121,613)3 — 13,932(0.7) 
V SS Se eS Se SS SS ee ee eS 
. R, +R, 13,932 + 121,613 ae 
Step 6. The required R, is 
Ris VP — Vz, pa lO es 
ie 05201074 


= 12,500 0 


R, = 


= 7,200 © 
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R, is 17 times less than R, = 121,613. This will make I, lower than the re- 
quired 0.5 mA by 0.047 mA. If R, is lowered to 


eV 10 —6.4 
R ———— ss ES OO SSS) 
4 Ig+Vanl(B, +R) 0.5 X 10-3 + 6.4/(13,932 + 121,613) Pte 


then I, will remain at 0.5 mA. 
Step 7. Rg, is found from Eq. 10: 
my AV io2/AT 
AIyo/AT 

Step 8. Ry, is computed as follows: 
— Ve Vee o 10-48 
THAR (ii 5K 10> 
Step9. LetV,,=3V. This is halfway up the R,C, charging curve which 
levels off at v,;(max) = 6.4 V. If V,. is more than 80 percent of v,(max), small 


variations in R,; and C, will begin to have an appreciable effect on stability. 
Let Av, = 0.1 V;2. = 0.1(3) = 300 mV. R, is now found from 


Re(Vz2 + Voz2) __ 12,500(4.8 + 0.7) 


R, == 12.500 0) (same as R3) 


= 1,040 0 


9 


Bee VW ee AOE OS 
Step 10. Equation 12 produces 
ies R,.R, (12,500)(13,221) ~ 999.2 ko 


R,—R, 13,221 — 12,500 
Step 11. The bias voltage for the second level detector is 
—_ Vi2(Rz + Rg) — Vz2R, _ 3(13,221 + 229,200) — 4.8(13,221) 


Ve Rs 229 200 mace: | 
Step 12. The R;C, product is computed from Eq. 1: 
ee 0.01 — 0.001 


ae RIA LEG ied es Gee 


As a first approach, let R; = 100 R, = 100 (6,579) = 657,900 ©. The resulting 
Cs 


R;C, 


c, 0.01423 _ 0.01423 
Pe Hees C500 
If C, is readjusted up to a standard value of 0.022 uF, 


a 0.01423 0.01423 
- er on 2.2 x 1078 


Step 13. Z, is chosen to be compatible with TTL logic. The calculated 
R,7 is 


= 0.0216 pF 


= 646,800 2 


VP = Ver 10-48 
| a me MEE Vie 


Step 14. The R,3 — Ry4 voltage divider is computed from 


100 Vz, __ 100(4.8) _ 
es 5x 103 96,000 
Step 15. Assuming A, is a 741 type of op amp, we can let R,, = Ry. = 10 
kQ. We also compute Rj) = 10 R,3 = 10(96,000) = 960 kO. 


= 1,040 0 


Ris = Ry = 
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Step 16. Is the A, op amp slew rate sufficiently fast? Check the fol- 
lowing: 


OX 
OSs = 


Ser AS ae Z 
TUG Ih wee 


965610" 2 105 


The inequality is satisfied. 
Step 17. C, is found from 
ae Tp eee UE 
=A RYE. 9.6210" 
=12.08' <x 10? =:2,080 pF 
Step 18. Ry. and C; are determined. 
Rie — Zz Ris — 2(96,000) == 192, kO 
T; Ze Le? 


Cr GRR URUOR000(, ee 


Step 19. Ros is found from 
sh Vo 7 Vis pi 10 ios (4.8 ae 0.7) 


Ros pa Rg AMS i Gere 


Step 20. We next compute 
_S50AV;_ —_50(2) 


Ris = Lz = 5 x 103 == 20,000 Q) 
_ 100Vz6 _ 100(5.5) _ mx 
Roo = ie Rig = 0.005 20,000 = 90,000 2 


Step 21. Assuming A, is a 741 op amp, we let R,, = Rx2.=10kO. We 
next compute R,g = 10 Ry = 10(20,000) = 200 kQ. 
Step 22. The slew rate of A, is checked against the requirement: 


5545.5 ? ts 
05 S10 oe 


E1545 Os ee 5h 108? 


The inequality is satisfied. 
Step 23. The required C, is 


a E. - Bioce LOn? 
R,, 200,000 
Step 24. R,3 and C; are the last values to be determined: 
Ruz= 2) Ris = 220,000) = 40:k0 
Le a 5 107° 
0.8 Rz; 0.8(40,000) 


ac = 0.025 pF 


C;= = 0.156 pF 


REFERENCE 
1. Benson, R.A., Jr., and F. M. Cancillier: Pulse Width Discriminator Uses Unijunction 
Transistor, Electron. Des., Mar. 1, 1968, p. 96. 


Chapter 8 


Detectors 


INTRODUCTION 


In this chapter we will discuss two types of detectors. The first circuit, 
called the peak detector, determines the peak amplitude of a waveform dur- 
ing a given period of time. The second circuit, unrelated to the first, detects 
the phase difference between two input signals. 


8.1 POSITIVE-PEAK DETECTOR 
ALTERNATE NAMES Peak holder, peak-signal tracker. 


EXPLANATION OF OPERATION The circuitry of a peak detector can be arranged 
for positive- or negative-peak detection. For each of these cases the output 
can be made positive or negative. The circuit we have chosen to discuss, in 
Fig. 8.1, selects positive peaks and produces a negative output. 

Peak detectors track the input signal and hold the output at the highest 


Fig. 8.1 Positive-peak detector with negative output. 
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peak found since operation of the reset switch. They continuously compare 
the input waveform with the stored peak value to determine if the stored 
value must be updated. This is graphically illustrated in Fig. 8.2. A peak 
detector may be thought of as a type of sample/hold circuit. It samples 
and holds the peak value of the largest peak in a given measurement interval. 
This is extremely useful in applications where widely spaced transients in 
a system must be measured. 

This peak detector is actually a combination of two circuits described in 
other chapters of this handbook. The circuit of A, is similar to the precision 
rectifier discussed in Chap. 16. However, the feedback resistor Ry and ca- 


Output (inverted) 


| Vo| 


Time 


Fig. 8.2 Input and output waveforms of positive-peak detector. 


pacitor C; of Fig. 16.5 have been replaced by an active feedback network, 
namely, R3, Ry, Rs, C2, C3, and Ay. The A, circuit is merely a fast integrator 
(see Chap. 15 for the rules of integrator design). 

The circuit gain is defined as the ratio of peak output voltage to peak input 
voltage. In terms of circuit components the gain is 


_ Uo(peak) __ Rs 
*“ -v;(peak) R, 


After a peak is stored on C3, diode D, is reverse-biased for all succeeding 
lower amplitudes. This actually opens the feedback loop. The A, output 
will then try to saturate with negative v;. Diode D, prevents this by holding 
the A, output near —0.7 V if v; becomes. negative. 

This circuit may be unstable with some types of op amps because of the 
large phase shift around the loop (see Chap. 3). The gain A, must be criti- 
cally damped or overdamped to prevent overshoot. An overshoot may be 
interpreted as a maximum peak, so caution in the feedback design is recom- 
mended. C, and C, are two possible compensation capacitors. Since the 
size of these capacitors is critically dependent on the types of op amp, an 
experimental approach is recommended: Start with C, = C, = 5 pF and work 
up or down from that value while observing the overshoot in V, with v; =a 
step function. 

If the peak must be stored for long periods of time, A, should be an FET 
input op amp. C3; should also be a low-leakage capacitor. The bias current 
of A, and the leakage current of C, will produce a peak-hold error of 
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23 I x hold time 


Av, C, 


where I is the sum of A, input bias current and C, leakage current. 


DESIGN PARAMETERS 


Parameter 


Aye 


Description 


Voltage gain of entire circuit until first peak is reached. Afterward this 
is the ratio of the output voltage to the maximum input peak 

Compensation capacitors for feedback stability 

Integrating capacitor which holds peak output voltage 

Diode to prevent A; negative saturation during negative input voltages 

Input bias current of A, 

Leakage current of C; 

Maximum output current of A; 

Determines gain of circuit along with R, 

Used to cancel most of the offset caused by input bias current of A, 

Determines gain of circuit along with R, 

Determines speed of response of circuit 

Used to cancel most of the integrator error caused by the input bias 
current of A, 

Slew rate of A, 

Approximate speed of response of circuit 

Sampling time of circuit, i.e., from reset to reset 

Input voltage to circuit 

Output of rectifier circuit 

Value of peak voltage determined during AT 

Error in v, due to J, and I, 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 ee of circuit (i.e., peak output to ae vo(peak) __ Ry 
: _ “_ v;(peak) R, 
4 Approximate risetime of integrator (circuit t, = RC; 
cannot accurately respond to peaks having NOTE: This assumes 
risetimes faster than this) the slew rate limit 
S, of A, is not 
exceeded 
[S, = I,2(max)/C3] 
3 Optimum value for R, ee AR, 
> Ry + R; 
Optimum value for R; R;, = R, 
5 Error in stored peak value of v, due to I, (Iy + 1.) AT 
and [.. AD, = 
Cs 
REFERENCES 


1. “Applications Manual for Computing Amplifiers,” p. 88, George A. Philbrick Re- 
searches, Inc., 1966. 

2. Tobey, G. E., J. G. Graeme, and L. P. Huelsman: “Operational Amplifiers — Design 
and Applications,” p. 357, McGraw-Hill Book Company, New York, 1971. 
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8.2 PHASE DETECTOR 


ALTERNATE NAMES Phase-difference detector, phase-shift detector, phase- 
error detector, phase-to-dc converter. 


EXPLANATION OF OPERATION Many systems require a measurement of the 
phase difference between two signals of the same frequency. The circuit 
shown in Fig. 8.3 will make this measurement accurately even if the input 
amplitudes are much different. The output v, will be zero if the phase differ- 
ence between v, and vu, is zero. If the phase of vg leads the phase of vy, 
v, will be positive. The dc output voltage v, will vary linearly from zero to 
+V,. as dg — 6, varies from 0 to 180°. Likewise, v, will vary linearly from 
zero to —Vz; as dg — ba varies from 0 to —180°. This is shown for several 
cases in Fig. 8.4. 

The circuits of A, and A, are zero-crossing detectors with hysteresis (see 
Chap. 5). Ay, is of the inverting type so that v, lags vg by 180°. Because of 
the high gain of these zero-crossing detectors, v, and v, are rectangular wave- 
forms. 

C,, R, and Cy, Rg are differentiation networks. D, and D, select the positive 
pulses resulting from this differentiation. The pulses from D, make the 
flip-flop circuit A; go into the low state such that v; =—Vz,. (See Chap. 20 
for a discussion of flip-flops.) Pulses from D, cause the flip-flop to go into 


Ya O Dy 
Reference Vv 
phase Me 3 
Rz Ry 
= ——s Ray 
(+) 
= V 
— @ 
Rig Ras 
O Vo 
© 
V5 
(+) C3 
Ry V 
VB C3 D> 
Unknown WAL 
phase y ‘4 ' 
IS Zo 
R R 


! 


Fig. 8.3 Phase detector utilizing zero-crossing detectors, differentiators, and an op 
amp flip-flop. 
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Fig. 8.4 Waveforms at various locations in Fig. 8.3. 


the other state so that v,; = Vz. If v4 is exactly in phase with vz, the flip- 
flop will spend equal amounts of time in the high and low states. The volt- 
age at v, will therefore be zero. 

If the phase of vz leads the phase of vy, the flip-flop will spend more time 
in the high state and v, will be positive. Likewise, ifthe phase of vz lags that 
of v4, U, will be negative. The scale factor, i.e., volts/degree, is set only by 
the choice of V,, and Vz. If these are identical diodes, the scale factor is 


($n — ba) Var _volts | 
180 degree 


The range of frequencies over which accurate performance can be guaran- 
teed depends on different factors at the low and high ends of the spectrum. 
At low frequencies the risetimes of v,; and v, may not be fast enough to trans- 
fer adequate trigger pulses through the differentiation networks to the flip- 
flop. Also, the output filter R,,; and C; becomes less efficient at low fre- 
quencies. These deficiencies result in a v, which is noisy or temporarily 
saturated at + Vz. 

At high frequencies the slew-rate limits of A, and A, start to reduce the 
peak-to-peak amplitude of v,; and v,. This will cause the trigger pulses v3 
and uv, to diminish in amplitude also until the flip-flop no longer triggers. 
This must not be allowed to occur, since the flip-flop will again hang up in 
one state or the other. 


Vo = 


DESIGN PARAMETERS 


Parameter Description 
Ay Ag Op amps used as zero-crossing detectors. Note that A, is inverting 
CacG, Differentiation capacitors 


5 Frequency of v4 and vz 
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i 


Parameter Description 

| eg OF Nominal current through Z, and Z, 

ba Phase of v4, (assumed zero) 

op Phase of vg, relative to v, 

R,, R. Determines level of hysteresis in A, 

3 Prevents input bias current of A, from causing a nonzero crossover in 

A, circuit 

R, Prevents input bias current of A, from causing a nonzero crossover in 
A, circuit 

R;, Rg Determines level of hysteresis in A, 

1 ee Differentiation resistors 

Ryo, Ris Determines level of hysteresis in flip-flop 

R,;, Ry Prevents excessive input currents in A; 

Ra Controls current levels in Z, and Z, 

ie Determines ripple of f, in v, 

Riu Input resistance of circuit at v4 input 

Riz Input resistance of circuit at vg input 

Rio Input resistance of A, 

aoe Output resistance of A, 

Roe Output resistance of A, 

sb Time for output voltage to settle to within 1% of final value 

VA Reference input signal 

Up Input whose phase is to be determined 

Av,(min) Peak-to-peak noise immunity of A, circuit 

Av ,(min) Peak-to-peak noise immunity of A, circuit 

Vo Output voltage of circuit which is proportional to phase difference be- 
tween v4, and vg 

Vai Zener voltage of Z, plus the forward drop of Z, 

Vie Zener voltage of Z, plus the forward drop of Z, 

VV Positive and negative power-supply voltages 


DESIGN EQUATIONS 


Description Equation 


Output voltage as a function of the phase 
difference between v, and vz (assuming 
Var = Vaz) 


Maximum allowed time constant of differ- 
entiation networks 

Input resistance at A input 

Input resistance at B input 

Peak-to-peak noise immunity 


(hysteresis) of A, circuit 


Peak-to-peak noise immunity 
(hysteresis) of A, circuit 


Optimum sizes for differentiation 
resistors R, and Rg 


(bp — ba) Vz1 volts 


a 180 degree 


] 
EG, — R,C, << of. 
Ria == R, = Rs 
Rig = Rg + Riz 


; [v,(max) — v,(min)] R, 
A m ae eS Nn A Nee eee 
v,(min) R, +R: 


Agger Leatinas) — eatin R; 


5Ror < R, < 0.1R, and 


0.1(RioRi3) 
5 Ro. < Rg < —— 
o2 Cri eeighicktis 
NOTE: These resistors must 
satisfy Eq. 2 also 
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Eq. 
No. Description Equation 
8 Standby value of U4 v,(standby, high) == Vz2Ri0 
Rio a5 Ris 
when v; is high and 
23 —Vz1(Rg | Ryo) 
Pe Tye (Ry tibet 
when vs; is low 
9 Required time constant of output network 100 
to achieve 1% ripple at f,(min) Race Dapunin) 
10 Optimum size for R, RR 
a 14*2 
Rs R, +R, 
| Optimum size for R, 
R,= _RsRe _ 
R; + Re 


DESIGN PROCEDURE 


Assume the input voltage and its frequency are given. Second, the output- 
voltage limits for a +180° phase difference are specified. The maximum al- 
lowable ripple in the output is often of prime importance. We will now 
indicate a set of recommended design steps assuming the previous require- 
ments are given. 


DESIGN STEPS 


Step 1. Choose V‘? and V~™ to be compatible with the specified input- 
and output-voltage levels. A, and A, may be comparators operated between 
V™ and ground, since v,; and v, merely need to be squared-up versions of 
D4, and vz. 

Step 2. Choose Z, (=Z,) so that Eq. 1 provides the required transfer 
function. 

Step 3. Assume v,(max) = v,(max) = V® — 3 V and v,(min) = v,(min = 
—V~ +3 V. In accordance with Eq. 3, we next choose R, + R, to be equal 
to the required input resistance Rj, at v4. For symmetry we let R; + Rg = 
R,+R,. Equation 5 is rearranged to compute R;: 


__ Avg(min)Rig 
v,(max) — v,(min) 


Ry 


R, is then found from R, = Ry, — Ri. 
Step 4. Equations 3 and 6 are combined with R, + R, = Ri, = Rs + Re 
to determine R;: 
std Avz(min) Ri 
v_(max) — v,(min) 
R, is then found from R, = Rj, — Rs. 
Step 5. Compute R; and R, from Eqs. 10 and 11: 


5 


SVR aRs 
Hie: RR, 
R, a3 R;Re 


” ResR: 
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Step 6. Assume the A, and A, output resistances Ro; and Ro» are the 
maximum values given in their data sheets. This usually occurs at a high 
frequency near the unity-gain crossover frequency. Set R; = 10Ro,(max) 
and R, = 10Ro:(max). C, and C, are now computed with the aid of Eq. 2: 


] 
1 OER, 

] 
Co = OFR, 


Step 7. Let R,=10R, and R,,=10R,. Resistor Ry; is computed so 
that the trigger pulses at v3 and v, are several times larger than the v, standby 
voltage. When t; is high, v, is computed from Eq. 8 (first part) 


+V72Rio 
Sanaby) 
v,(standby) Risen 
Resistor R;; must be computed so that v,(max) — v,(min), the pulse ampli- 
tude at v, and v3, is twice the amplitude of v, (standby). This assures us that 
v, will trigger the flip-flop from the high state to the low state. Compute 
R,3 from 


— Ryo(2Vz2 — 0;(max) + v,(min)) 
ho v,(max) — v,(min) 


Ris 


Step 8. When 1; is in the low state, v, is also in the low state. However, 
D, is forward-biased in this case, and Rg and Ry» appear to be in parallel. As 
a consequence we have 


|v,(standby, low)| < |v,4(standby, high)| 


Triggering the flip-flop from the low state to the high state will therefore be 
easier than the triggering from high to low described in step 7. If we have 
designed the circuit such that A, = Ay, Roi = Roz, Ci = C2, R7 = Rg, and Ry = 
R,, triggering in both directions will be assured. If these five equalities 
are not true, v,(standby, low) may need to be adjusted using Rg, Ryo, or R43. 
Triggering is assured only if 


|v.(max) — v,(min)| = |2v0,(standby, low)| 


Step 9. Resistor Ry, is now sized so that it provides the correct current 
through Z, and Z,. If Z, and Z, are identical, 


“ Vo 2s 3 aes Vae 
Iz5 


Step 10. The time constant R,;C; can be selected only after a trade-off 
analysis is made. 
1. R,;C3 must be large enough to diminish the f, ripple in v, to a reason- 
ably low level. 
; 2. R,sC3 must not be too large or v, will have a response time which is too 
slow. 
These two statements are summarized in the following opposing require- 
ments: 


Rig 


RCs = ms for ~1% f, ripple in v, 
R,;C3 ~ Er for a v, within 1% of final value in time T, 


5 
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The output filter is a simple one-stage RC filter. At frequencies above f= 
1/277RC the filter attenuates by a factor of 10 for each factor of 10 increase in 
frequency. If we want an attenuation of 100 at f., we need R,;C3 = 100/27f, 
as stated above. 


EXAMPLE OF PHASE-DETECTOR DESIGN We will numerically illustrate the pre- 
ceding design steps with a 1,000-Hz phase-detector design. Experimental 
data from an actual circuit have confirmed the validity of the design steps. 


Design Requirements 
haf, >: 5,000 0 
f- = 1,000 Hz 
Av,(min) = Av,(min) = 0.1 V 
v, = 10-V peak-to-peak sine wave 
Uz = 10-V peak-to-peak sine wave with phase varying from —180 to +180° 
with respect to v, 
Phase-to-voltage scale factor = 4 V/180° 
f Loran 


Device Data 


Ro,(max) = Ro.(max) = 200 2 at 1 MHz 
Iz, ~ 5 mA to develop 3.3 V using a 1N703A zener diode 


Step 1. wv, and vg have +5-V peak values and vg has +4-V peaks. We 
can safely allow V™ = 5 V and V™ =—5 V for A; and A,. A; requires slightly 
larger power-supply voltages if the full vg(max) = +4 V is required. 

Step 2. If we choose 1N703A zener diodes, we can expect zener volt- 
ages of 3.4 V +5 percent at IZ =5 mA. We must add the zener forward 
breakdown voltage of 0.7 V to obtain the actual limits for v,. The resultant 
voltage becomes +(3.4+ 0.7) =+4.1 V. However, these are 5 percent 
diodes, so the voltage may come in at anything between +(3.23 + 0.7) = 
+3.93 and +(3.57 + 0.7) =+4.27 V. R,, can be trimmed as a last step to 
achieve the required v, = +4.0 V. 

Step 3. The peak-to-peak square waves at v, and v, are 


v,(peak-to-peak) = v,(max) — v,(min) = VY —3+ VO —3 
=5—3+5-3=4V 


v,(peak-to-peak) = v,(max) — v,(min) = V™ —3+ VO —3 
=10—6=4V 


If R, + R, =R,+ R,=10 kQ, the required minimum input resistance R,, 
at v, will be satisfied. At vg, the input resistance Rjg is much higher, since 
R, is in series with the op amp input resistance (usually >1 MQ). R, and 
R, are computed from 

R, At Av,(min) Rj, _0.1(10*) = 250 fe) 


v,(max) — v,(min) 4 


R. = Rig — R, = 10,000 — 250 = 9,750 0 
Step 4. R; and R, are computed: 


. r 
ee Avz(min) Ri4 - 0.1(10*) ~ 950 0 


v,(max) — v.(min) 4 


Rg = Rig — Rs = 10,000 — 250 = 9,750 O 
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Step 5. R, and R, are computed: 
5 ily 250(9,750) 
~ RR, +R, . 250 4.95750 
= Hs hee es 250(9,750) 
~ Rs+R, 250+ 9,750 
Step 6. The differentiation networks are next designed: 
R, = 10Ro,(max) = 10(200) = 2,000 © 
Rz = 10Ro2(max) = 10(200) = 2,000 
a ei hove 1 
~ OF,R, — 2(1,000)2,000 
pared i ] 
~ Of.Rg  2(1,000)2,000 
Step ie Rog, Ryo. and Ris are computed: 
R, = 10R, = 10(2,000) = 20 kO 
Ryo = 10R, = 10(2,000) = 20 kX 
— Ryol2Vz2 — vi(max) + v,(min)] 
i. v,(max) — v,(min) 
(20,000)(2 x 4 — 4) 


= aig pate ae Mek OTE oo kO 


Step 8. The two inputs have been symmetrical up to this point; so trig- 
gering of the flip-flop in both directions is assured. 

Step 9. The first-cut size for R,, is computed from 

SY mV ee La eee 
Bi Bp rH OUS. 

This resistor could be replaced with a 1-kQ pot having a title of VOLTS/ 
DEGREE TRIM (range is limited). 

Step 10. Suppose we size R,sC3 so that T,=0.1 s. Since the output 


ripple is not specified, we will be satisfied with whatever the computations 
tell us. First we solve 


R; = 244 0 


Gi = 0.25 pF 


‘ey = 0.25 pF 


Ris 


RisC;3 — z= ss = 0.02 S 


The comer frequency for this filter is 


Fes Repent 


Since 1,000 Hz is 125.7 times larger than 7.96 Hz, the ripple at v, will be 
125.7 times less than the ripple at v;. If we choose C3 = 1 pF, 


T 0.1 
R, = = = oo = 20 kk 
pa OC eeu a 2 
Laboratory verification of the above circuit showed the transfer function to 
be within 2 percent of that predicted. The offset-adjustment terminals were 


== (0 42 
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found to be quite useful on A, and A,, since the precise trip level in each 
stage had a significant effect on the transfer function. 
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Chapter 9 


Differential Amplifiers 


INTRODUCTION 


The differential-input-single-ended-output amplifier is one of the most 
versatile circuits available. It is required in innumerable applications 
where low-level transducer signals must be converted to a higher power 
level. Often the transducer has a high common-mode voltage (i.e., both 
sides of the transducer operating at some appreciable voltage off ground). 
This common-mode voltage must be rejected, and only the differential 
signal across the transducer must be amplified. 

We will present here design equations for the two most popular differential 
amplifiers using op amps. The first circuit emphasizes simplicity and is the 
basic type of differential amplifier using a single op amp. It has the draw- 
back of requiring tightly matched resistors to keep the common-mode gain 
low. The second circuit requires three op amps but results in a high-quality 
instrumentation amplifier. 


9.1 BASIC DIFFERENTIAL AMPLIFIER 


ALTERNATE NAMES Differential-input amplifier, low-cost instrumentation 
amplifier, differential dc amplifier, difference amplifier, error amplifier, data 
amplifier, transducer amplifier. 


EXPLANATION OF OPERATION This circuit is the lowest-cost approach to a dif- 
ferential amplifier. It provides an output voltage which is proportional to 
the difference of two voltage signals. It is most often used in dc and low- 
frequency applications. However, frequencies up to several kHz are possi- 
ble with slightly degraded performance. It also has a fairly low input im- 
pedance. For optimum differential-amplifier performance, the three op amp 
circuit in the following section is recommended. 

Differential gain A, is defined as Ag = v,/(v. — v,). If this circuit is per- 
fectly balanced (i.e., if R3/R, = R,/R.), the differential gain is 


Gone Hts iE 
Vg — VU, R, R, 


Ag 


The common-mode gain of a differential amplifier is defined as 
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pier We ied cari Noel ss adie A rset a 
v,+v,. average of input voltages vj, 


CG 


If the amplifier is perfectly balanced and the op amp has no common-mode 
gain, the circuit will have no common-mode gain. This is a desirable feature 
but is difficult to achieve with this basic circuit. 

If the circuit is not perfectly balanced and/or the op amp has a finite 
common-mode gain, the output voltage will be v. — v, times the differential 
gain plus (v, + v;)/2 times the common-mode gain. 


Fig. 9.1 Basic differential amplifier. 


Op amp data sheets do not specify common-mode gain. Instead, the 
common-mode rejection ratio (CMRR) is given, where 
differential gain Aq 


ahs common-mode gain A, 


If the circuit is perfectly balanced and CMRR # ~, the common-mode gain 
due to the op amp only is 


pie on PRE HG 
erp Raita ka) OMAR 


If the op amp CMRR = ~& but the circuit is not perfectly balanced, the 
common-mode gain due to the circuit unbalance only is 


ee Uo. R4R, — R2Rs 
OM EO preatht ee ite ct Eka) 
Common-mode rejection (CMR) is often used on data sheets. By con- 
vention CMR is given in dB and is defined as 


CMR = 20 log|CMRR| 


The CMR of most op amps is 60 dB or higher. 

The circuit output voltage due to A,, times v;. is independent of the output 
voltage due to A, times v;.. If we consider both common-mode gains 
simultaneously, the output voltage is 


UO = AGS Vic F Ave Vic = ViclAco a Ae) 
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The CMRR for both the circuit and op amp combined becomes 


differential gain 


CMRR, = ———————_ 
total common-mode gain 
a Aa ve Aq 
Ol Bie Aca + Ace 


The dc stability of v, over time and temperature often requires careful 
attention in differential-amplifier design. Many applications of this circuit 
are for low-level transducers which require a large dc gain. The offset of 
v, (and the drift of this offset) caused by I,, I;,, and V;, must be recognized. 
If R;/R, = R,/R2, the I, term will cause no problem and the output offset is 


Viol(Ry Be R3) 


Vo=+ 
A R, 


+1,Rs 


Methods to reduce this offset (and its drift over time and temperature) are 
suggested in Chap. 2. 


DESIGN PARAMETERS 


Parameter Description 

ay Common-mode gain of a differential amplifier circuit 

tplnt Common-mode gain due to resistor mismatching 

AS Common-mode gain due to finite CMRR of op amp 

Aa Differential voltage gain of circuit 

a Open-loop gain of op amp (varies with frequency) 

As Open-loop de gain of op amp 

CMR Op amp common-mode rejection = 20 log} CMRR| 

CMRR Common-mode rejection ratio of op amp. This is defined as the ratio 
of op amp differential gain to op amp common-mode gain. CMRR 
varies with frequency 

CMRR, Common-mode rejection ratio of entire circuit after both A,, and A,, 
have been considered 

Pane Maximum frequency at which high-accuracy performance can be 
achieved 

i Frequency at which the minimum op amp CMRR is less than that 
required 

Tie Frequency at which the circuit gain is down 3 dB from a de gain of 
Ag (i.e., first-pole frequency of closed loop) 

Tes Gain crossover frequency of op amp 

je Input offset current of op amp. This parameter varies with tem- 
perature 

een. Ns, Ha Matched set of resistors which determine gain of circuit 

: Offset-adjustment potentiometer. The actual connection scheme 

varies with the type of op amp 

js Pe Common-mode input resistance of circuit, i.e., between either v, or 
UV, and ground 

Rina Differential input resistance of circuit, i.e., between terminals v, 
and v, 

R, Op amp output resistance 


U1, Ve, Vo, Vic 
AV, 
Vic 


Voltages as shown in schematic. These may be de and/or ac voltages 

Output offset error due to input voltage and current offsets 

Input offset voltage of op amp. This parameter varies with tem- 
perature 
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DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Differential gain if = a pr ta ee Rs _ Ry 
r 3 : Uz—v, R, R, 
NOTE: Generator output re- 
sistances must be included 
in R, and/or R, 
2 Common-mode gain due to 
i bray le _ Vo _ RaRi — RRs 
mismatch of Rt Ae = i.) Ri eRe 
R 
3 Differential gain if Rs ——* tee We A,R3 
R, Re Ag=— 2 = 5 
CMRR =~ V2 = v, R,A, =e R; 
A, # © 
(use A,, in place of A, for dc 
computations) 
4 Common-mode gain if op amp a R2 
SE oe Avo = 0. Ri(R, + Bs)CMRR 
Differential input resistance Ring = Ri + Re 
Common-mode input RER, 
resistance Rine = ae 
V,(Ri+ R 
7 Output offset voltage AVe == Vela + Ba) + IioRs 


1 


DESIGN PROCEDURE 


The most common requirements for differential amplifiers, in order of im- 
portance, are as follows: 

1. A high and stable differential gain A, over time, temperature, and 
frequency 

2. Low common-mode gain A, relative to Aq 

3. Low output offset AV, due to I), I;,, and Vio 

4. A high input resistance 


DESIGN STEPS 


Step 1. Is the op amp open-loop gain A, at least 100 times larger than 
the required differential gain A, at all frequencies and temperatures of 
interest? If no, then Ag may not be stable with temperature and power- 
supply voltage variations at those frequencies where A, < 100 A,. Call the 
upper frequency at which this is true fmax. (See Fig. 9.2.) 

Step 2. Set R,/R, =Ag and R,/R, = Ag. 

Step 3. Set R, = R, = Rinal 2. 

Step 4. NOTE: Rin, will now = R,. 

Step 5. Set R, = AgR, and R, = AgR;. 

Step 6. Is the output voltage offset AV, = [V;,(R, + R;)/R,] + 1;.R3 too 
large? If yes, lower the resistance of resistors R,, R2, R3, and R, until AV,(off- 
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set) is satisfactory. Note, however, that this lowers both the differential- and 
common-mode input resistances. A compromise must usually be made. 


Step 7. Compute the common-mode gain resulting from mismatch of 
R;/R, a R,/Rz: 


Vo 2 R,R, Raa RRs; 
Vic Ry(Rz + Ry) 


Step 8. A curve showing minimum CMRR of the op amp as a function 
of frequency must be found. However, data sheets usually give only tabular 
values for minimum and typical de CMRR. Some data sheets also provide 
typical CMRR as a function of frequency. If the three pieces of information 
above are available, a plot of minimum CMRR as a function of frequency can 


Ace = 


Av or CMRR 


| 10 102 10° 104 10° 106 10° 
Frequency, Hz 


Fig. 9.2 Curves of CMRR (typical and minimum) as a function of frequency. Curves 
of A, (typical and minimum) as a function of frequency. Curve of A, (typical and mini- 
mum) as a function of frequency. 


be constructed as shown in Fig. 9.2. This new curve tells us the frequency 
at which minimum worst-case CMRR begins to degrade circuit performance. 
This frequency we call fem. Common-mode errors will get worse above fem. 

Step 9. Compute the common-mode gain resulting from the op amp 


CMRR. 

ode est bate 

R,(R, + R3)CMRR 

If Ag= 100 and the minimum op amp CMRR is 60 dB (1,000), A, = 9.9 X 107°. 


This can be reduced by decreasing Ag or using a better op amp. 
Step 10. Compute the common-mode rejection ratio of the entire circuit. 


aera VS 
ieee AG 


ep i. 
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If Ay = 100, A... = 3.95 X 107, and A,, = 9.9 X 10~ as computed above, then 


CMRR, = 971 = 59.7 dB. 

Step 11. Feedback stability must be examined using the seven causes 
of op amp instability listed in Chap. 3. 

Step 12. If A,,. is quite variable owing to temperature changes or power- 
supply changes, Eq. 3 must be solved for each value of A,. to determine its 
effect on differential gain. The effect of A, on Aq at frequencies where A, is 
falling at —20 dB/decade must be handled differently. In this region of fre- 
quencies, A, has a 90° phase lag relative to Ag. Equation 3 must be modified 
to the following: 


A,R3 


AE 
4” \V/R2A2 + RE 


DESIGN EXAMPLE 


Design Requirements 
Rina = 10 kO 
Ree ae D kO 
Aqa= 100 
AV, < 0.1 V 
CMRR.. > 60 dB (1,000) 
fe OO Z 


Device Data (741 op amp) 
Ag = 25,000 1b VS 2 /V 
Aw = 250,000 if V = +20 V 
CMRR (min) = 70 dB (3,160) 
V;. (max) = 7.5 mV (0 to 70°C range) 
I,. (max) = 300 nA (0 to 70°C range) 
dm (open-loop) = 80° 
Closed-loop bandwidth (normalized to 1 MHz at +25°C) = 1.12 at —55°C 
and 0.8 at +125°C. 


Step 1. Start the design process by examining the 741 curve showing 
open-loop gain as a function of frequency. As shown in Fig. 9.2, a heavy line 
is drawn along the gain = 100 line until it intersects with the open-loop curve. 
The frequency of this intersection is fp. The heavy line then follows the 
open-loop curve down to below unity gain. The heavy line is the differential 
gain A,. Since the heavy line is more than 40 dB below A, only from de 
up to 100 Hz, fax = 100 Hz. This particular differential amplifier will 
have highly stable A, only below fax. It will be usable from fax to f-p, How- 
ever, temperature and power-supply-voltage variations will have a slight 
effect on its performance. We will compute these variations in step 12 below. 

Step 2.) *Hs/R; — AaB. = 100. 

Step 3. R, = Rz = Ring/2 = 5,000 © (use 5,110-0 metal film). 

Step 4. R,.—R;=—5,110 ©. This is satisfactory. 

Step 5. Rs, = R,= AgR, = 511 kO (metal film). 


Vi(Ri a R3) 
R 


1 


Step 6. AV,= + TioRs 


_ (0.0075)(516,110) ae 2 
Teta er nyse ae (3 6 LO Oto bia xe LOS) 


= 0.7575 + 0.1533 = 0.9108 V, maximum worst case 


a 
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NOTE: With the 741 this offset can be nulled out using the offset termi- 
nals. The variations of V;, and I;, over temperature, however, will create a 
finite AV, at other temperatures. 

Step 7. Assume R,, Ry are both 0.1 percent high and R,, R, are both 
0.1 percent low in resistance. 


4. — Pah — RoR 
i R,(R, 2h R,) 
— (511,511)(5,115.11) — (5,104.89)(510,489) as! 
¥ 5,115.11(5,104.89 + 511,511) von 
Step 8. Assume operation of the differential amplifier is only for fre- 
quencies below 100 Hz where CMRR is always greater than 70 dB (70 dB = 
3,160). 
R3 

R,(R, + R3)CMRR 


hs (511,000)? 
5,110(5,110 + 511,000)(3, 160) 
Step 10. CMRR Set ee ee gag td Go 1 dB 
els °~ 0.00395 + 0.0313." | 

Step 11. The 741 is internally compensated and has an open-loop phase 
margin of 80°. It is therefore unlikely that instability causes numbered 1, 2, 
or 4 will be applicable (see Chap. 3). The other instability causes will be 
briefly discussed. 

3. The 741 has a maximum output resistance R, of 3000 at 1 mHz. We 
must make sure that capacitive loading does not create a pole near gain cross- 
over—otherwise the 80° phase margin is reduced. If the pole is at a fre- 
quency ten times gain crossover, it will reduce the phase margin only 6°. 
The load capacitance to do this is 

1 1 
Cilmax) = > lOfoR,  (6.28)(107(300) ~ 2 PF 

5. The resistance between ground and the noninverting terminal is the 
parallel combination of 5,110 0 and 511 kQ. No problem should be experi- 
enced with a resistance this low. 

6. Careful board layout should be used which minimizes the capacitance 
between the 741 offset and output terminals. 

7. In most applications, 0.1-4F ceramic capacitors from V™ to ground 
and V™ to ground for each four or five op amps is adequate to prevent un- 
wanted feedback. 

Step 12. The changes of dc differential gain resulting from variations of 
open-loop gain are computed. While one does not expect V™ to vary from 
+2 to +20 V, at least this calculation will give an indication of the sensitivity 
of A, to power-supply variations. 


Step 9. A, = 


= 0.0313 


Aryolis 
R,A,. + Bs 
_ 250,000 x 511,000 
~ 5,110(250,000) + 510,000 
25,000 X 511,000 


Bah Bago Ree Puke OC) Se 5,110(25,000) +510,000 > 0916 


Ad\Ayo = 250 k, de) = 


= 99.9596 


9-8 DIFFERENTIAL AMPLIFIERS 


This calculation shows that the differential gain changes only 0.36 percent 
while the open-loop gain is reduced 90 percent. 

At frequencies between f,, and f,, the gain variations in Ag must be com- 
puted using 


A,Rg 
VRIA? + Re 


Assume we want to determine the circuit performance up to 2 kHz. The 
open-loop variations of A, at 2 kHz are a little more difficult to obtain from a 
data sheet. The 741 data sheet states that the closed-loop bandwidth varies 
from 10 kHz at 25°C to 11.2 kHz at —55°C to 8 kHz at 125°C. Since the open- 
loop-gain curve is decreasing at 20 dB/decade at these frequencies, the open- 
loop gain is changing at the same rate as the closed-loop bandwidth. The 
nominal A, at 2 kHz is 500. At—55°C, A, is (1.12)500 = 560 and at 125°C, A, 
is (0.8)500 = 400. Substituting these into the above equation, 


500 x 511,000 


Ag= 


A,(nominal, 2 kHz) = V51102 x 5002 + 511,000? 98.05783 
A BEPC ID. EEL cae AO as 
V5,1102 x 560? + 511,0002 
A,(125°C, 2 kHz) = phOeen LEONG = 97,014167 


V5,110? x 400? + 511,000? 


These calculations show that the 2-kHz differential gain changes by +0.4 or 
—1 percent over the military temperature range (—55 to +125°C). 
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9.2 INSTRUMENTATION AMPLIFIER 


The basic differential amplifier described in Sec. 9.1 has many limitations. 
Its input resistance is quite low, whereas differential-amplifier applications 
often require very high input resistances. High values of differential gain 
require a large feedback resistor which causes excess dc output offset due to 
the op amp input offset current. If both high gain and high input resistance 
are required, the problem is doubly compounded because the input resistor 
must be very large and the feedback resistor must be much larger than the 
input resistor. Since it is difficult to match high-megohm resistors, the CMRR 
due to resistor mismatching will suffer. Clearly, these four parameters (Rin, 
Ag CMRR,, and AV,) interact and a reasonable compromise cannot always be 
achieved with the basic differential amplifier. 

The instrumentation-quality differential amplifier described here over- 
comes some of the above limitations. It does so, however, at the expense of 
requiring three op amps. With the availability of two, three, or four op amps 
in a package this is no longer of concern. The major problem in using mul- 
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tiple packaged op amps is matching the two input op amps. This is often 
needed to reduce the drift of input offset voltage. 

The instrumentation amplifier shown in Fig. 9.3 is essentially the basic 
differential amplifier of Fig. 9.1 with noninverting amplifiers attached to each 
input. The output voltages from stages A, and A, are 


R R 

03 = (1 +e “Re + Vic 
R R 

Ot (1 +) RO i Vic 


where v;- is the common-mode input voltage [v;. = (v; + v,)/2]. Ifthe output 
stage is perfectly balanced, i.e., if Re/R, = R,/Rs, 


ae Re oom. os R,(R,y aati R3)(v2 = pj) 
Vo = R, (v4 — v3) =— hen he ea 
ieee et ho = Ro and R,= Rh. =—R, = kh, 
ee 
a eS R, 


The input stages A, and A, can be designed for high gain without causing 
excessive dc offset. The output stage A; can use small resistors to minimize 
dc offset. 


Fig. 9.3 Instrumentation amplifier using three op amps. 


As with the basic differential amplifier, the CMRR of the circuit depends 
on the CMRR of A; and how perfectly Rg/R, = R,/R;._ A mismatch of R,, Ro, 
or R3; merely affects the differential gain [Ag = v,/(v2,— v;)] and not the 
common-mode gain (A, = v,/v;,)._ The input impedances of the noninvert- 
ing inputs are typically greater than 10!° O while the impedances driving R, 
and R; are nearly zero. The gain of this entire circuit is usually controlled 
only with adjustments to R,. 


9-10 DIFFERENTIAL AMPLIFIERS 


DESIGN PARAMETERS 


Parameter 


Description 


Common-mode gain of circuit 

Differential gain of circuit 

Common-mode rejection ratio of op amp 
Input bias current of A, 

Input bias current of A, 

Resistors which set gain of input stages A, and A, 
Resistors which set gain of output stage A; 
Input voltage to noninverting terminal of A, 
Input voltage to noninverting terminal of A, 
Output voltage of A, 

Output voltage of A, 

Common-mode input voltage to circuit 
Input offset voltages of A, and A, 

Output voltage of circuit 

Output offset voltage of circuit 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Differential gain of circuit if R,/R, = ge ee Oe R,(R, + Re + Rs) 
R,/Rs a 0. — U1 R,R, 
SA Differential gain of circuit if R, = R; fh cot 2R, 
ApG he =, — he = he a R, 
3 Common-mode gain if op amp CMRR = Pte ee R,R, — R;Re 
(0 @) and R,/Rg # RR; aie Vic a R,(R; te R;) 
4 Common-mode gain if A; has finite eae, Bae per 
CMRR and R,/Rg a R,/Rs Vic R,(R, =F R,)CMRR 
5 Output offset voltage if input offset 
voltages of A, and A, are in opposite ee , 2ReVio(Ri + Re + R;) 
directions and each with a magnitude Las RR, 
of Vio 
6 Output offset voltage if input bias _ Re (Rel RI 
currents of A, and A, are I, and Ip. eee Royse alps) 
REFERENCE 


1. Tobey, G. E., J. G. Graeme, and Huelsman, L. P.: “Operational Amplifiers — Design 
and Applications,’ p. 206, McGraw-Hill Book Company, New York, 1971. 
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Low-Pass Filters 


INTRODUCTION 


There is no lack of active low-pass filter circuits in the literature. The cir- 
cuit designer’s task is to determine which of these numerous circuits: 

1. Allow a low-pass filter to be designed ina short period of time without 
going through many difficult equations. 

2. Provide a filter with good feedback stability. 

3. Will not require a large circuit. 

In this chapter we will present two of the most commonly used single op 
amp low-pass-filter circuits. These are simple circuits utilizing single feed- 
back. The first is a second-order filter which will be described in detail 
including a design procedure and example. A third-order filter will then be 
described in approximately the same level of detail. By cascading second- 
and third-order filters, one may produce filters of almost any order. Proce- 
dures for cascaded filter design are given in the references at the end of the 
chapter. 


10.1 SECOND-ORDER LOW-PASS FILTER 
ALTERNATE NAMES Unity-gain low-pass filter, active RC low-pass filter, 
active inductorless low-pass filter. 


EXPLANATION OF OPERATION This circuit provides two complex poles with 
adjustable damping. By proper choice of R,, Rz, C,, and C, of Fig. 10.1, the 


Cy 


Fig. 10.1 Single-feedback second-order low-pass filter using a unity-gain amplifier. 
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transfer function can be made to exhibit the range of characteristics shown 
in Fig. 10.2. The curves of Fig. 10.2 were obtained with an actual circuit 
using a 741 op amp and a pole frequency fp of 1,000 Hz. Using the design 
steps for this circuit (which will be listed later), the following component 
values were calculated: 


Bessel: A, — hs — 10,600, 0 
Ca= 0.0135 48: 
C=O. Ok 

Butterworth: Refs = 110,800: 0 
Cy— 002 aE 

3-dB Chebyshev: R, = R, = 49,400 0 

,= 0.01 pF 

Ce 470 Dr 


2-pole rolloff (-40 dB/decade or 
-12 dB/octave) 


0.01 


10° 10° 104 
Frequency, Hz 


Fig. 10.2 Test data of three typical two-pole low-pass filters using the circuit of Fig. 
HOG 


The transfer function of Fig. 10.1 is 
i eed Ll sone ac onde Ret st 
V, $7(C,C.R,R,) + s[C.(R, + R.)|] +1 


The locations of the two complex poles are 


—C,(R, ae R,) a5 [C(R, LE R,)? au 4C,C,R,R,]'” 
96¢-C-R RR 


Figure 10.3 shows the pole locations in the s domain for all filters discussed 
in this section. In this figure the corner frequency has been normalized to 
w= lrad/s, 

The damping factor ¢ determines the shape of A,, in the frequency region 
near f,.,. Low values of ¢ cause the frequency-response curve to have more 
peaking near the pole frequency. This term is related to the familiar circuit 


Q by 


Jaen rai 


Sy, S» = 
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1 
ae 20 
The circuit transfer function can be put in the classical form to help us find G 
1 


Aye= Acera: 7 adds GR Oe 
8S? + 2l@,s + w 


where Wn = 27f-p is the natural resonant radian frequency of the circuit. We 
now can determine ¢ to be 


2 R,R,C 


The formula for ¢ gives a value of 0.383 for the Chebyshev filter plotted in 
Fig. 10.2. Similarly, values of ¢ = 0.866 and 0.707 are obtained for these 
particular Bessel and Butterworth filters, respectively. 


x 

® 
7) 
” 
© 
@ 
x 


Fig. 10.3 Pole locations in s domain of the transfer function of Fig. 10.1. 


ae ——— Chebyshev —————». 


x <——— Butterworth ———————_». 


(-1.5-j0.866) 


TABLE 10.1 Unscaled Capacitor Values for Fig. 10.1 


Type of two-pole 


low-pass filter 4 Cyr Cy, F 
Bessel 0.8659 0.9066 0.6799 
Butterworth 0.7072 1.414 0.7071 
Chebyshev (0.1-dB peak) 0.6516 1.638 0.6955 
Chebyshev (0.25-dB peak) 0.6179 iSaitts’ 0.6789 
Chebyshev (0.5-dB peak) 0.5789 1.949 0.6533 
Chebyshev (1-dB peak) 0.5228 2218 0.6061 
Chebyshev (2-dB peak) 0.4431 2-672 0.5246 
Chebyshev (3-dB peak) 0.3833 3.103 0.4558 
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LOW-PASS FILTERS 


DESIGN PARAMETERS 


ee ene 


Parameter Description 

A, Op amp voltage gain as a function of frequency 

Aw Voltage gain of circuit as a function of frequency 

GEC; Final values for capacitors after both impedance and frequency scaling. 
Determines fp and ¢ 

Cac; Intermediate values for C, and C, after frequency scaling 

CoC; Unscaled capacitor values from Table 10.1 

fee Pole (or corner) frequency of circuit 

O Determines height of peak in frequency response 

R Common value of R, and R; (both = R) 

Riek Determines f,p and ¢ 

Sa Sensitivity of B to variations in A (applies to all sensitivity functions listed 
in Design Equations) 

V; Circuit input voltage 

Wea Circuit output voltage 

Wn Natural radian frequency of poles of circuit 

C Damping factor 


pee ng nS Se 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
i Transfer function (vol- = Ay. = Loe u 
tage gain) of circuit eV, 9*(C,C2RiRz) + s[C2(Ri + Ra)] + 1 
1 
ain: rs ip ee 
2 corel Grd couL? 6 es —C,(R, + R») + [C3(Ry + Re)’ — 4C,C,RiR,]” 
plex poles of Eq. l in s 2C CoRR» 
domain 
Ge 
3 Relationship between C,= , 
initial and final 2fcoR 
capacitor values , 
enn. 
ghey .ivg pos a 
*\ 1/2 
4 Damping factor of C= Ae ta / Ce 
fn er 2 R,R.C, 
circuit 
1/2 
1 
5 Relationship between Q= s 
circuit Q and damp- g 
ing factor 
6 Relationship between 
pole frequency and @, = 2ats 
natural radian 
frequency 
is Sensitivity of fip to Step = Step = Sie = Sfep = -3 


variations in R,, Rg, 
C,, or C, 


2 
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essen 


Eq. 

No. Description Equation 
NOTES: l. Sigp = -5 means that if R, increases in 
value by 1%, fp will decrease in frequency by 
ty, 
5) (4) 

2. After all sensitivities of a given parameter are 
computed, they are algebraically added to deter- 
mine the total result 

8 Sensitivity of ¢ to Si, = s : 
aC ie Att Boo 
variations in R,, Ro, > 7 ofeoRsC, 
C,,. or C, Spi (ee 1 
62 Aarti ooh Cs 
1 1 1 1 
"5 2 — (r: +) AmlfeyCy 
1 
Sé, a 9 
: C, ; 
) Required op amp open- A, > xc, at fp and lower frequencies 
loop gain to assure : 
accuracy 


DESIGN PROCEDURE 


Several approaches are given in the literature for designing this circuit. 
The one we have chosen to present here (Ref. 1) requires only very simple 
calculations. Its only disadvantage is that the capacitor values are different, 
whereas some design approaches result in C, = Cy. 


DESIGN STEPS 


Step 1. Choose C{ and C3 from Table 10.1 according to the type of filter 
required. 

Step 2. Using the required corner frequency fp», perform the following 
frequency scaling: 

acs Cle aie “CE 
lat * Dart. 

Step 3. Choose a value R = R, = R, which will produce practical sizes 

for C, and C, according to 


Ci C3 
Ae eR 
This procedure is called impedance scaling. 
NOTE: The remaining steps are not required unless the designer has 
time for gaining further insight into error sources, etc. 
Step 4. Compute the damping factor ¢ using Eq. 4. Compare the result 
with data in Table 10.1 to verify that the correct filter has been designed. 
Step 5. If required, use Eq. 7 to compute the sensitivity of f,, to varia- 
tions in R,, Ry, Cy, and C,. Likewise, Eq. 8 may be used to determine the 
sensitivity of ¢ to changes in R,, R2, C,, and Cy. 


C, 
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Step 6. From the op amp data sheet determine A, at fey. This value 
of A, must satisfy Eq. 9 by at least a factor of 100 in order to keep the actual 
frequency response (Fig. 10.2) less than 0.2 dB from the ideal frequency 
response. 


EXAMPLE OF SECOND-ORDER LOW-PASS FILTER DESIGN ‘The six design steps will 
be numerically illustrated through an example. The results of tests on a 
circuit designed using these steps were previously shown in Fig. 10.2 (3-dB 
Chebyshev). 

Design Requirements 

fen = 1,000 Hz 

Peaking ~ 3 dB (Chebyshev) 

Maximum capacitor size ~ 0.01 uF 
Device Data 

A, (1,000 Hz) = 1,000 


AR, = 0.018 R, 

AR, = 0.018 R 

AC, =0.01 C, 74 (55 to +125°C) 
AC, =F 0.01 Gs 


Step 1. From Table 10.1 we obtain C{ = 3.103 F and C2 = 0.4558 F. 
Step 2. Frequency scaling: 


Ci 
Qf ep 
SS attos 
~ In X 1,000 


c= 


= 4.94 x 10 


5 2 tcp 
0.4558 


ee ees =? 
In X 1,000 7.25 * 10 


Step 3. Since C, is always the largest capacitor in this design approach, 
we scale R so that C,; = 0.01 pF. 


S Cinagabeioy 


R= a 10-8 = 49,400 0 
| Gee, 20: X10 
Also, Coe aR ~ 49,400 = 1.470 pF 


me er ‘ee x 10-9 


1/2 
mln aerie = 0.383 


1 


Step 5. The sensitivity functions are: 


] 
FPO 5k Chee ECE ee ee 
DER TO EPO eS Pig 9 
The fractional variations of R,; and R, over temperature are 


ARat wARs 
Roe 


== 0,018 (50. tome lon.) 
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Thus if these resistances increase as temperature increases, f.» will decrease 
by 1,(0.018) f., =9 Hz as the temperature increases from —55 to +125°C. 
The fractional variations of C, and C, over temperature are 


AC, _ AC, 
Gy Ce 


= 0.01 (—55 to +125°C) 


If the capacitances increase as temperature increases, f., will decrease by 
1/,(0.01)1,000 = 5 Hz as the temperature increases from —55 to +125°C. 
Changes to ¢ as temperature varies are 


oor tea 
ae 2 Att fopR iC; 
I ul 


~ 2 47(0.383)1,000(49,400) 10-8 ge 


If AR,/R, increases by 0.018 as the temperature increases from —55 to + 125°C, 
then ¢ will correspondingly increase by 0.0794(0.383)0.018 =5.5 x 1074. 
It should be realized that the generator driving R, has a finite resistance. 
This resistance (and its variations) must be incorporated into all R, calcula- 
tions. 

Continuing the calculations: 


sik Pelee 
Be 9) Vaal FRG 
Serge alieitan tee eieee he 0.0794 
~ 2 42(0.383)1,000(49,400) 10-8 , 
1 1 1 1 
S$.-5-(¢ +a) are 
Also, 2 R, R. Atl fepC, 
1 1 1 1 
es 5400 ‘i reo A47(0.383)1,000(10-*) ee 
1 
Se =5 


Step 6. We must satisfy 


Ge > 10-8 i 
al 90, -2(VAT x 10-*).— os 


at 1,000 Hz. This is assured by more than 100, since A,(1,000 Hz) = 1,000 
in most monolithic op amps. 


REFERENCES 


1. Shepard, R. R.: Active Filters: Part 12—Short Cuts to Network Design, Electronics, 
Aug. 18, 1969, p. 82. 

2. Al-Nasser, F.: Tables Shorten Design Time for Active Filters, Electronics, Oct. 23, 
1972-p.1113: 

3. Tobey, G. E., J. G. Graeme, and L. P. Huelsman: “‘Operational Amplifiers — Design 
and Applications,” p. 296, McGraw-Hill Book Company, New York, 1971. 
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10.2 THIRD-ORDER LOW-PASS FILTER 


ALTERNATE NAMES Unity-gain low-pass filter, active low-pass filter, active 
inductorless low-pass filter, active RC filter. 


EXPLANATION OF OPERATION The circuit shown in Fig. 10.4 is nearly identi- 
cal to the circuit shown in Fig. 10.1 except for the additional RC input stage. 
These two additional passive parts add a pole on the negative real axis. 
Compare Fig. 10.3 with Fig. 10.6. The resulting three-pole (third-order) 
filter rolls off at —60 dB/decade or —18 dB/octave at frequencies above fp. 


Fig. 10.4 Single-feedback third-order low-pass filter using a unity-gain amplifier. 


This is shown in Fig. 10.5, where the actual response curves of three circuits 
with different peaking characteristics are plotted. A 741 op amp was used 
with a selected pole frequency of 1,000 Hz. 

The transfer function of Fig. 10.4 is 


Vite 1 
“V;, (SA+'9B +sC +4 1 


A= C 
B= R;C.C;(R, “— R,) > C,C3R,(Re + Rs) 


Butterworth 


Bessel 


0.1 


Avec 


0,01 


102 10% 104 
Frequency, Hz 


Fig. 10.5 Measured frequency response of three typical third-order filters using the 
circuit of Fig. 10.4. 


THIRD-ORDER 


o  SeeNes 
ro) SGCuC oO 
rR visa aaa / ae 
aan Ammen God aa bal 
cha ie aed POpera ied 
bn EY sa hy eis 
Wi dt Fd th 
/ / | 
if say oe [i 
/ hay a ae ht | 
h tie ! ke 
| 
Hf ies ee ee iat Heat 
/| aed Be has ee 
/ | Prete raya esl 
/ | A iad tere ead bay 
ereliebine ce ele ttl hh 
-10 -08 =0.6 -0.4 =O.2 


Fig. 10.6 Pole locations in s domain of the transfer function of Fig. 10.4. 
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+ jw 


}0.866 


j0.8 


jO6 


j04 
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The locations of the three poles in the s domain are not easily expressed 
in terms of circuit components. Table 10.2 lists the pole locations for a nor- 


malized cutoff frequency of 1 rad/s. 


The damping factor ¢ is not defined for third-order systems. However, the 
peaking of the frequency plot can be controlled by choosing appropriate 


capacitance values in Table 10.3. 


TABLE 10.2 Pole Locations in s Domain for the Single-Feedback Third- 


Order Low-Pass Filter 


Type of three-pole Location of Location of two 
low-pass filter real pole complex poles 
Bessel —0.942 —0.746 +7 0.711 
Butterworth —1.000 —0.500 + j 0.866 
Chebyshev (0.1-dB peak) —0.696 —0.348 + j 0.866 
Chebyshev (0.25-dB peak) —0.609 —0.305 + j 0.866 
Chebyshev (0.5-dB peak) —0.530 —0).265 + j 0.866 
Chebyshev (1-dB peak) —0.444 —0.222 + j 0.866 
Chebyshev (2-dB peak) —0.345 —0.173 + j 0.866 
Chebyshev (3-dB peak) —0.286 —0.143 + j 0.866 


TABLE 10.3 Unscaled Capacitor Values for Fig. 10.4 


Type of three-pole 


low-pass filter Geek Cc. Ce 
Bessel 0.9880 1.423 0.2538 
Butterworth 1.392 3.546 0.2024 
Chebyshev (0.1-dB peak) 1.825 6.653 0.1345 
Chebyshev (0.25-dB peak) 2.018 8.551 0.1109 
Chebyshev (0.5-dB peak) 2.250 17:23 0.08950 
~ Chebyshev (1-dB peak) Dt 16.18 0.06428 
Chebyshev (2-dB peak) 3.113 27.82 0.03892 
Chebyshev (3-dB peak) 3.629 43.42 0.02533 
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DESIGN PARAMETERS 


Parameter Description 
Ay Op amp voltage gain as a function of frequency 
A. Voltage gain of circuit as a function of frequency 
Ce GG. Final values for capacitors after both impedance and frequency scaling. 
These capacitors determine f., and the magnitude of peaking near fp 
Cy, Cy, C3 Intermediate values for C,, C2, and C; after frequency scaling 
a OT 64 Unscaled capacitor values from Table 10.3 
hep Pole or corner frequency of circuit 
R Common value of R,, R2, and Rs 
Rooks, Rs Determines f., along with C,, C., and C3 
V; Input voltage to circuit 
V; Output voltage of circuit 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Transfer function (voltage gain) of ae Vou i 
circuit eV, 8A+s?B+sC+1 
where A = C,C,C3R, RRs 
B= R,C,C,(R, + R,) + C,C,R,(R, + Rs) 
C=C,R,+ C,(R, + R, + R;) 
2 Relationship between initial and C= 5 - R 
final capacitor values T hep 
pent Es 
oom QifepR 
__C; 
Os 2rfpR 


3 Recommended minimum A, at fep A.(fep) 2 100 


DESIGN PROCEDURE 


At least two simplified design approaches are possible for this circuit. One 
could assume R = R, = R, = R; and solve for R and the capacitor values. 
Conversely, we could let C = C, = C, = Cy; and solve for C and the resistor 
values. The design steps will utilize the first method in conjunction with 
Table 10.3. 


DESIGN STEPS 


Step 1. Choose C{, C3, and C3 from Table 10.3 according to the type of 
filter required. 

Step 2. Using the required corner frequency f,,, perform the following 
frequency scaling: 


Ce 
—— 
ae Dirt ay 
Cie 2 
sw OAT hap 
G! 3 


de 2th cp 
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Step 3. Choosea value R= R,=R,= R; which will produce convenient 
sizes for C,, C,, and C3; according to 


Ci 
Ci=FR 
pape) 
C, R 
a5 
OS 


This procedure is called impedance scaling. 
Step 4. To minimize errors due to the op amp, verify that the following 
is satisfied: 
A,(at frp) = 100 


EXAMPLE OF THIRD-ORDER LOW-PASS-FILTER DESIGN The four design steps 
will be used to design a third-order Bessel filter. 


Design Requirements 
Tep = 1,000 Hz 


Maximum capacitor size 0.01 uF 


Device Data 
A,(1,000 Hz) = 1,000 


Step 1. From Table 10.3 we get 


Ci = 0.9880 
= LAPS 
Cl=02538 
Step 2. Frequency scaling is performed as follows: 
eG Usa | = 
Ci= Oke mR a Por x 10 
Pe Oe iro LAZSNh, ts 
C= Sar 2.0007 > 2.265% 10 
os Bisons ea ASS x10 


° Qatfen 20007 
Step 3. C, is always the largest capacitor, so we let 
ier 
and solve for R, C,, and C3 as follows: 
Ci 2.265 x 10-4 


R= om 10-2 = 99,650 0) 
Carlee Aa ee 

Cie R 23,650 > 6,940 pF 
Cs. A039;% 107. 

Op Ras 33.650 = 1785 pF 


Step 4. Verification of Eq. 3: 
| A,(1,000 Hz) = 1,000 > 100 
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High-Pass Filters 


INTRODUCTION 


This chapter is similar in many respects to Chap. 10. We will present the 
same two circuits discussed in that chapter. However, the R’s and C’s are 
exchanged. This changes the circuits from low-pass to high-pass filters. 
As before, the resulting circuits are 

1. Easily designed with very simple calculations. 

2. Stable against oscillation and parameter drift. 

3. Implemented with only one op amp. 


11.1 SECOND-ORDER HIGH-PASS FILTER 


ALTERNATE NAMES Unity-gain high-pass filter, active high-pass filter, active 
inductorless high-pass filter, ac-coupled voltage follower, active RC filter. 


EXPLANATION OF OPERATION The circuit shown in Fig. 11.1 provides zero 
response at dc and unity gain from f,, up to the frequency where the op amp 
gain crosses unity. By proper choice of R,, R., C;, and C, the transfer func- 
tion can be made to exhibit the range of characteristics shown in Fig. 11.2. 
These curves were obtained from an actual circuit using a 741 op amp. The 
fep was chosen to be 100 Hz. It will be noted that this circuit is a high-pass 
filter only for those frequencies between f,, and f, of the op amp. Since f, 


Fig. 11.1 Single-feedback second-order high-pass filter using a unity-gain amplifier. 
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varies with temperature, the filter will have progressively more error as f,, is 


approached. 
The transfer function of Fig. 11.1 is 
V Ss 
1 ee 
LC 
[S) 
> 
Son Bessel 
Butterworth 
3 dB Chebyshev 
0.01 


102 105 104 
Frequency , Hz 


Fig. 11.2 Test data of three typical two-pole high-pass filters using the circuit of 
Fig. 11.1. 


Chebyshev ——___,_ 


Butterworth ———> x 


j0.5 


Besse| ——————>> x 


Fig. 11.3 Pole locations in s domain of the transfer function of Fig. 11.1. 
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The locations of the two complex poles are 
Biel | at Os [(Se et) ji ii 
PARE OF OF - 2haC Cs Hel, Cs 


Figure 11.3 shows the pole locations in the s domain for all filters discussed 
in this section. Each pole also has a zero at s=0+ 0 due to the blocking 
capacitor C,. In Fig. 11.3 the corner frequency has been normalized to 
1 rad/s. 

The damping factor ¢ determines the shape of A,, in the frequency region 
near fc». Low values of ¢ cause the frequency-response curve to have more 
peaking near the pole (corner) frequency. This term is related to the familiar 
circuit QO by 


S45 So co 


sel 
é 20 
DESIGN PARAMETERS 

Parameter Description 
Ay Op amp voltage gain as a function of frequency 
Axe Voltage gain of circuit as a function of frequency 
Gog Eee oa Common value of C,; and C,. Determines both f,, and ¢ 
5 ps Poles, or comer frequency, of circuit 
Te Op amp unity-gain crossover frequency 
O Determines height of peak in frequency response 
Rz Re Final values for resistors after both impedance and frequency scaling 
Risk; Intermediate values for R,; and R, after frequency scaling 

ah: Unscaled resistor values from Table 11.1 
S186 Locations of complex poles in s domain 
S4 Sensitivity of parameter B to a change in parameter A 
V; Circuit input voltage 
v; Circuit output voltage 
Wn Natural radian frequency of poles of circuit 
C Damping factor 


TABLE 11.1 Unscaled Resistor Values for Fig. 11.1 


Type of two-pole 


high-pass filter 4 R; R; 
Bessel 0.8659 1.103 1.471 
Butterworth 0.7072 0.7072 1.414 


Chebyshev (0.1-dB peak) 0.6516 0.6105 1.438 
Chebyshev (0.25-dB peak) 0.6179 0.5624 1.473 
Chebyshev (0.5-dB peak) 0.5789 Dols! P53) 
Chebyshev (1-dB peak) 0.5228 0.4509 1.650 
Chebyshev (2-dB peak) 0.4431 0.3743 1.906 
Chebyshev (3-dB peak) 0.3833 0.3223 2.194 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
Vo 
1 Transfer function (voltage A= Vv. 
i 


gain) of circuit <2 


S Aah .C ye: Gyno URAC. C.) 
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Eq. 
No. Description 


2 Location of two complex poles 
of Eq. 1 


3 Damping factor of circuit 


4 Sensitivity of f,, to variations 
in Ri Re. Cy or Ce 


5 Sensitivity of ¢ to variations 
Hh; dis Gis or Ce 


6 Relationship between initial 
and final resistor values 


7 Required op amp open-loop 
gain to assure accuracy 


DESIGN PROCEDURE 


Equation 


_ 1 G.+6; 
2R,. C,C, 


[eee ye 1 ii. 


81,89 = 


Step = Sfep = Sfep — Sfep — if 
1 Ci 2 y 
NOTES: 1. Step = -3 means that if R, 


increases in value by 1%, f,, will decrease in 
frequency by 4/,% 

2. After all sensitivities of a given parameter 
are computed, they are algebraically added 
to determine the total result 


1 J i 1 
Casale sail aa 
Sis 2 2fwnR» i. : oo 


Becta! 
2 2fw,R.C, 
yee 
a Z 26w,R Cz 
R, —- KR} 
R, = KR, 
where K = <7 = => — 
2afepC, 2fepCs 
Jeane 149 


at all frequencies where high-pass operation is 
required 


The design approach to be presented requires very simple calculations even 
though Eqs. 1 to 7 may appear quite difficult. The end result is capacitors of 


equal value but resistors of different values. 


Other approaches may give 


equally sized resistors and differently sized capacitors. Setting two variables 
equal at the outset is the key to simplified design. 


DESIGN STEPS 


Step 1. Choose R; and R3 from Table 11.1 according to the type of filter 


required. 
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Step 2. Using the chosen comer frequency f,», perform the following 
frequency scaling: 
sel. 
Lar fon 


Step 3. Choose a constant K which will provide practical capacitor 
sizes for C, and C, according to 


C 


Step 4. Calculate values for resistors with 
R, = KR} R, = KR} 


These last two steps are called impedance scaling. 

NOTE: Steps 1 to 4 cover the basic design of the filter. The remaining 
steps are provided only for the designer who wishes to obtain more insight 
into the filter operation, error sources, etc. 

Step 5. Compute the damping factor ¢ using Eq. 3. Compare the result 
with data in Table 11.1 to verify that the correct filter has been designed. 

Step 6. If required, use Eq. 4 to compute the sensitivity of f,, to varia- 
tions in R,, R,, C,, and C,. Likewise, Eq. 5 can be used to determine the 
sensitivity of £ to changes in R,, Ro, C,, and Cy. 

Step 7. Determine the range of frequencies where A, = 100 from the 
op amp data sheet. This value of A, must be maintained in order to keep the 
actual frequency response within 0.1 dB of the theoretical response. This 
is even more important as temperature changes, since A, has a strong depend- 
ence on temperature in most op amps. 


EXAMPLE OF SECOND-ORDER HIGH-PASS FILTER A Butterworth high-pass filter 
will be designed to illustrate the seven design steps. The response of an 
actual filter built with this procedure was shown in Fig. 11.2 along with 
Chebyshev and Bessel filters. 


Design Requirements 


fep = 100 Hz 
Response = Butterworth (¢ = 0.707) 
Maximum capacitor size = 0.1 wF 


Device Data 
A, = 100 up to 10 kHz 
Step 1. From Table 11.1 we get 
Ho Haz L414 


Step 2. Frequency scaling is performed. 


1 1 


Sole 9100 


= 1.592 x 10-3 


Step 3. If we want the capacitor sizes of C, and C, to be 0.1 pF, 


O C 1-592. x. 10-* 
ey Er Los : oe 
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Step 4. The final resistor values become 


R, = KR; = 1.592 x 104(0.7072) = 11,255 0 
R, = KR; = 1.592 x 104(1.414) = 22,505 0 


Step 5. The damping factor is checked at this point: 
i ate tes ip x 1 Re" 
ONRGs PANG eh 65 
li R, 1/2 1 R, 1/2 R, 1/2 
am) tala) ~(m) 


11,255\2 
Gem = 0.7072 


This checks out with Table 11.1. 
Step 6. The sensitivity of f,, to component variations is as follows: 


I 


since: ,— C.-L hus, 


Sr? = Sk? = ae Ser = = Sr = ae ae 


a) 


Therefore, if any of these passive components increase in value by | percent, 
fep will decrease in frequency by 4, percent. 
The sensitivity of £ to component variations is 


1 
Se — 9 
Rte = rx Uae —— oe, 
Ske Oy lok: - =f = 
iro 10 “5 HANTOPF ase ak 
2 2(0,7072)2n(100)22,505 9920 
rae Witbabie Laas 
C1 Z 26w,R2C, 
5 SIFU A = 1.310 x 10-* 
2  2(0.7072)27(100)22,505(10-7) 
pe oars eae ee 
yo di a astm Or 
i 1 


— a Pa) 
2 ~ 2(0.7072)2m(100)22,505(10-7) 1310 x 10 
Step 7. Since A, > 100 from dc to 10 kHz, the response curve should be 
stable from f,, to 10 kHz. A 100 percent variation of A, should therefore 
cause less than a 1 percent change (<0.1 dB) in A, within this frequency 
range. 


REFERENCES 


1. Tobey, G. E., J. G. Graeme, and L. P. Huelsman: “Operational Amplifiers — Design 
and Applications,” p. 298, McGraw-Hill Book Company, New York, 1971. 
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11.2 THIRD-ORDER HIGH-PASS FILTER 


ALTERNATE NAMES Unity-gain high-pass filter, active high-pass filter, active 
inductorless high-pass filter, ac-coupled voltage follower, active RC filter. 


EXPLANATION OF OPERATION The circuit shown in Fig. 11.4 provides zero 
response at dc and unity gain from f,, up to the frequency where the op amp 
gain crosses unity. By proper choice of the six passive components the trans- 
fer function can be made to exhibit the range of characteristics shown in 
Fig. 11.5. These curves were obtained from an actual circuit utilizing 
a74lopamp. The f,, was chosen to be 100 Hz. It should be noted that this 
circuit is a high-pass filter only for those frequencies between f., and f, of 
the op amp. Experience tells us that f, varies with temperature. The filter 
will accordingly have more error drift in the region near fy. 


Fig. 11.4 Single-feedback third-order high-pass filter using a unity-gain amplifier. 


Butterworth 


3dB Chebyshev 


0.01 
10 107 10+ 
Frequency, Hz 


Fig. 11.5 Test data of three typical three-pole high-pass filters using the circuit of 
Fig. 11.4. 
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The transfer function of Fig. 11.4 is 
Vi s 


ivi ky Nols eee AS aes 
dit UVES Ee Dsceia he sei als 
Py oat 1 i i 
where Dae He ee 
R3\C, Cz, C;/ RC, 
] 1 1 l ] 
a+ mal oo kame= ges =f ee 
R3\RyC,C3  R,CiC3; R,CiC3; R.C,C, 
] 
F=—————_ 
R, RRC ,C.G, 
DESIGN PARAMETERS 
Parameter Description 
Ay Op amp voltage gain as a function of frequency 
Ax Voltage gain of circuit as a function of frequency 
C Initial capacitor size 
C,,C., C3 Final capacitor sizes 
DE r Variables used in Eq. 1 
fep Comer frequency of filter 
Constant used in filter design 
R,,R,,R; Final resistor sizes 
Re Re Re Initial unscaled resistor sizes 
Vi Input voltage to circuit 
Vic Output voltage from circuit 
DESIGN EQUATIONS 
Eq. 
No. Description Equation 
1 Transfer function (voltage 4 — Vo_ s° 
| gain) of circuit *”  V, +=s84+Ds?+Es+F 


where D= lata tal# : 


Rz\G, “C,- “Cie oh 
1 1 i! I 1 
E=alace.t aces REG REE) 
Set SN 
R,R.R,C,C.C; 
P Relationship between initial he Kh 
and final resistor values = KR: 
R, = KR; 
where K l u J 


ir QafG: 7 QatfepGs rr QarfiGe 


e Required op amp open-loop A, = 100 at all frequencies where high-pass 
gain to assure accuracy operation is required 


DESIGN PROCEDURE 


The following design steps require only simple calculations even though the 
characteristic equation (Eq. 1) of a third-order filter is quite cumbersome. A 
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good feature of the procedure is that it gives equally sized capacitors. This 
is usually convenient, since it is easier to have a wide range of resistors avail- 
able instead of capacitors. 


DESIGN STEPS 


Step 1. Choose Rj, Rj, and R; from Table 11.2 according to the type of 
filter required. 

Step 2. Using the chosen corner frequency f.,, perform the following 
frequency scaling: 


] 
bs oarip 


Step 3. Choose a constant K which will provide practical capacitor 
sizes for C,, C,, and C; according to 


C 
Sire Gare Ripon a 


Step 4. Calculate values for resistors with 
RK — KR; R, —e KR; R; =a KR; 


These last two steps are called impedance scaling. 

Step 5. Determine the range of frequencies where A, = 100 using the 
op amp data sheet. This value of A, must be maintained in order to keep the 
actual frequency response within 0.1 dB of the theoretical response. This 
is even more important as temperature changes, since A, has a strong depend- 
ence on temperature in most op amps. 


TABLE 11.2 Unscaled Resistor Values for Fig. 11.4 


Type of three- 


pole high-pass filter Ri R; R; 
Bessel 0.7027 1.012 3.940 
Butterworth 0.2820 0.7184 4.94] 
Chebyshev (0.1-dB peak) 0.1503 0.5479 7.435 
Chebyshev (0.25-dB peak) 0.1169 0.4955 9.017 
Chebyshev (0.5-dB peak) 0.08905 0.4444 LAT 
Chebyshev (1-dB peak) 0.06180 0.3896 15.56 
Chebyshev (2-dB peak) 0.03595 0.3212 25.69 
Chebyshev (3-dB peak) 0.02303 0.2756 39.48 


EXAMPLE OF THIRD-ORDER HIGH-PASS FILTER A Chebyshev filter with 3-dB 
peaking will be designed to illustrate the five design steps. The response of 
an actual filter built with this procedure was shown in Fig. 11.5. 


Design Requirements 


Fep = 100 Hz 
Response = 3-dB Chebyshev 
Maximum capacitor size = 0.1 uF 


Device Data 
A, 2 100 up to 10 kHz 


Step 1. From Table 11.2 we get 
Rj = 0.02303 R; = 0.2756 R; = 39.48 
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Step 2. Frequency scaling is performed. 


ele ei eat 
Qafep 27 X 100 


Step 3. If we want the capacitor sizes to be 0.1 uF, 


get Geis CHL CMR BOE O10 
i Come Clue eae 10-7 


Step 4. The final resistor values become 


R, = KR{, = 1.592 x 104 (0.02303) = 366.6 0 
R, = KR} = 1.592 x 104 (0.2756) = 4,388 © 
R,; = KRi = 1.592 x 104 (39.48) = 628,500 


Step 5. Since A, = 100 from dc to 10 kHz, the filter response should be 
stable from f., to 10 kHz. A 100 percent variation of A, should therefore 
cause less than a 1 percent change (<0.2 dB) in A,. within this frequency 
range. 


C= =11.D92, XV 10% 


=i1.592' x °10* 


REFERENCES 
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Chapter 1 2 


Bandpass Filters 


INTRODUCTION 


Information regarding many types of bandpass amplifiers using op amps is 
readily available in the literature. In this chapter we will provide logically 
organized design information on two of the most popular bandpass circuits. 
Both these filter types, multiple-feedback and biquadratic, will be described 
in detail. The discussions will include step-by-step design procedures and 
fully worked out examples. 


12.1 MULTIPLE-FEEDBACK 
BANDPASS FILTER 


ALTERNATE NAMES Dual-feedback bandpass filter, active resonator, active 
filter, active bandpass amplifier, active RC filter. 


EXPLANATION OF OPERATION This circuit, shown in Fig. 12.1, is useful for 
several reasons: 
1. It requires only one op amp. 
2. Adjustment of the resonant frequency f, can be performed with one 
resistor R,. 
3. If QO is less than 10, the sensitivity of O and f, to component variations 
is not large. 


Fig. 12.1 Bandpass filter using multiple feedback. 
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4. If O is less than 10, a large spread in calculated component values will 
not occur. 

5. One resistor, R3, may be used to adjust both Q and the midband gain 
H. This resistor also affects f,, so QO and H should always be adjusted be- 


fore f,. 
This is an inverting circuit with a transfer function expressed as 
Apes Vo —As 
"eV, s?+Bs+C 
h yeaa 
where Ge 
VC eeuG. 
B= R, 
ae 1/R, + 1/R, 
a yiketer 


Capacitors are more difficult to trim, so the design of this circuit often be- 
gins by assuming C = C, = Cy, where C is some practical value. We can now 
state the effect of the three resistors on f,, H, and Af (Af = f,/Q). 
ev ] 

27 A fHC 


ee | 2c G =n fH) 


Ry 


1 
sic aAfC 
We note from the above that 
1. R, affects both Af and H. 
2. R, affects f,, Af, and H; however, the effect on Af and H is small. 


3. R3 affects only Af. 
We can also invert these three equations to get 


1] ] i} 1 \ 2/2 
fo= oF Fea & % “all 


Bes [R3(1/R, + 1/R,)]*!2 


C= AF” CIC 2 + (CIC 
H ae R;C, 
R,(C, + C,) 
DESIGN PARAMETERS 
Parameter Description 
A, (fo) Open-loop voltage gain of op amp at frequency f, 
Ave Closed-loop voltage gain of circuit as a function of frequency 
SEO CF Common value for capacitors in circuit 
AC/IC Fractional change in capacitance of a capacitor C over a specified tempera- 
ture range 

‘to Resonant frequency of circuit 
Af Frequency difference between —3-dB points on A,. response curve 


(bandwidth) 
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Parameter Description 

H Voltage gain of circuit at f, 

I, Input bias current of op amp 

e) Quality factor of circuit 

R, Resistor which controls input resistance of circuit 

Re Resistor which principally controls resonant frequency of circuit 

Rs Resistor which affects only Q of circuit 

AR/R Fractional change in the resistance of a resistor R over a specified tem- 
perature range 

so} Sensitivity of parameter B to changes in parameter A 

V; Input voltage to circuit 

V; Output voltage from circuit 

1 Circuit output offset voltage 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
] Voltage gain of circuit ripe WY ees —As 
~ Vi, s?+Bs+C 
where A= ei.U 
R,C, 
ne LC, + Cc, 
R; 
co — MRi+ UR 
Rilke 
s = Inf 
2 Voltage gain of circuit at f, H- R;C, 
~ RC, + C2) 
3 Bandpass-filter center frequency f == (4 + Re)" 
ee Qa R.C,C; 
4 QO of circuit [R3(1/R, + 1/R,)]*/? 
C= (CIC y+ (CIC 
5 Bandwidth (3 dB down from gain at f,) af=t - IC, + YC, 
On aa 
6 R, in terms of other parameters 3 1 
1 22 AfHC 
where 6 ==; Ga = C, 
: 2 —1/2 
# R, in terms of other parameters A EG C Ge re fx) | 
8 R; in terms of other parameters me 1 
3 wAfC 
9 Sensitivity of f, to component parameter Gia gh ter af 
changes Fad: on 9 
10 Sf “3h 


Eh 8q7?f2R,R,C,C, 
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Eq. 
No. Description Equation 
11 So ati tel 
81? f2 RR.C,C; 
12 Sensitivity of Q to component s@ = R, reat 
parameter changes 1 2 O( Rae 
1 
05 Bees: 
14 sé, QrfpRsC, 2 
eens Oa 
te sé, < 2Qrf,R3C2 2Z 


a 


DESIGN PROCEDURE 


This list of design steps assumes capacitor values are more difficult to trim 
than are resistor values. It also assumes both capacitor values are identical. 
The algebra is greatly simplified, since several variables disappear from the 
equations. 


DESIGN STEPS 


Step 1. Choose values for f,, H, and Q. As mentioned previously, 
this circuit design should not be attempted if Q > 10 is required. The 
chosen op amp places some restrictions on the choices for f, and H. Using 
the op amp open-loop-frequency plot, make sure that H < 0.01 A, atf,. This 
will guarantee that a 100 percent change in A, will have much less than a 
1 percent effect on f, and H. 


Step 2. Let C=C,=C, be some practical value. Compute the follow- 
ing: 


_ _20 
ders QafyC 


If R; is too large, then I,, the op amp input bias current, will cause a dc offset 
at V, with a magnitude of 


Ve a I,R3 


If this offset is larger than allowed for the application, choose a higher C. 
Recompute R; and V,,. 
Step 3. Find R, from 


Q 


Hornet 


Step 4. Compute R, from 


R, = sat i Meech 
*_ (27f,C)(20? — BH) 
Step 5. Determine the sensitivity of f, to component parameter varia- 
tions using Eqs. 9 to 11. 


Step 6. Determine the sensitivity of Q to component parameter varia- 
tions using Eqs. 12 to 15. 
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Step 7. Verify that H is correct using Eq. 2. 
Step 8. Verify that f, is correct using Eq. 3. 
Step 9. Verify that Q is correct using Eq. 4. 
Step 10. Verify that Af is correct using Eq. 5. 


EXAMPLE OF BANDPASS-FILTER DESIGN A bandpass filter with a center fre- 
quency of 1,000 Hz will now be designed using the 10 design steps. 
Design Requirements 

f= 1,000 Hz 

H—10 


= 5 
Af = f,/Q = 200 Hz 
Ne anax) = +1 V 


Device Data 
A,(1,000 Hz) = 1,000 


I,= 10-8 A 

WR AR. < ARs i: fi 
pee R102 C28 to 125°C) 
Bee AC, = b 

C= “G_ = 0.03 (55 to +125°C) 


Step 1. The required parameters of the circuit are f, = 1,000 Hz, H= 10, 
and O=5. We next verify that 


H = 0.01 A, G,) 
10 < 0.01 (1,000) 
10 <= 10 


This is obviously satisfied. 
Step 2. Our initial choice for C will be 0.01 uF. We next compute 


= Oy 2(5) a 
eS QrfoC  2m(1,000)10-8 sft 


The output offset is now checked: 
V,. = [,R; = (10-8) 1.6 X 10°= 1.6 mV 
Step 3. R, is computed: 


ja f,CH — 2a(1,000)10-8(10) psi 


Step 4. R, is determined: 


z: Q cilba thal eth ol eee ioe cecal 
Ry ~ (Qaf,C)(202 —H) (2a X 1,000 x 10-8)(2 x 5? — 10) pes 


Step 5. The sensitivity of f, to various parameter variations is com- 
puted: 


1 
fo ee 
R: Stans 


Since AR;/R3 increases by 0.02 as the temperature increases from —55 to 
+125°C, f, will change by —'/, x 0.02 x 1,000 Hz = —10 Hz. 
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C, and C,: Sas = 


We have indicated that AC,/C, and AC,/C, both change by —0.03 As the tem- 
perature changes from —55 to +125°C. This will make f, increase by (—'h) x 
(—0.03) x 1,000 = +15 Hz for each capacitor. 
CI ea ee ee ae 
Ri 87?f2R,R3;C,C, 87r?(108)7,960(159,000)10-#10-8 
If AR,/R, =+0.02 as the temperature varies from —55 to +125°C, f, will change 
—0.1 x 0.02 x 1,000 = —10 Hz. 
Ci 7. he ee 
ke 80 f>RR3C,C, 
wae eis cor bo ee 
~~ 82?(10®)1,990(159,000)10-810-8 — 
This will cause a —8-Hz shift in fy. 
The tot: 1 shift in frequency caused by variations in R,, R2, R3, C;, and C, 
is—10+15+15—10—8=2 Hz. 
Step 6. The sensitivity of Q to various parameter variations is com- 
puted: 


R,: =O 


Re: 


—0.4 


ae oo oy ty a 
: i 9(R,+R,) 2  2(7,960 + 1,990) 


The AR,/R, = +0.02 change will cause Q to change by (0.1) X (0.02) x 5= 
—0.01 as the temperature increases from —55 to +125°C. 


1 
Rs: S3, = 9 
This will cause Q to change by ', x 0.02 x 5 = +0.05 as the temperature 


increases from —55 to +125°C. 


1 
—5=-0.1 


ngs Ooh 
peol ue Bi Ont ey aa identical 
Sian Oe CC 
Sé, if 2rf,R3Cz 2. , 
27(1,000)159,000(10-8) 2 
= 4.86 10-* 


If C, and C, each decrease by —0.03 as the temperature changes from —55 to 
+125°C, O will change by 4.86 x 10-4 (—0.03)5 = —7.2 x 10°°. 
The total shift in Q caused by variations in R,, R3, C,, and C, is —0.01 + 
0.05 — 2 x 7.2 x 10-§ = +0.04. 
Step 7. Equation 2 is used to verify H: 
RG. {S98 00010 
R,(C,+C.) 7,960(10-§ + 107°) 


Step 8. Equation 3 is used to verify f,: 


wh (1+ Whe) _ 1 (_17.960-+-11,900__)* _ 
fe ty on ( ee GA OF ~—_ on 159,000 x 10-8 x 10-8 = 1,000.29 Hz 


Step 9. Equation 4 is used to verify Q: 


H= = 9.987 
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ce [R3(1/R, + 1/R,)}*” _ [159,000(1/7,960 + 1/1,990)]*? 
(CxIC,? + (CIC,)"®—— (10-*/10-*)"® + (10-8/10-8)"2 
= 4.997 


Step 10. Equation 5 is used to verify Af: 


_WC,+ UC, 1/108 + 1/10-8 | 
Bhs 27R, 24 X 159,000 anode 
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12.2 STATE-VARIABLE BANDPASS FILTER 
ALTERNATE NAMES Biquadratic filter, biquad filter, active resonator, active 
filter, active RC filter, active bandpass amplifier. 


EXPLANATION OF OPERATION Analog-computer technology provides a very 
stable bandpass filter shown in Fig. 12.2. This circuit requires three op amps 


Ro 


P Optional tee network 
for R,,R. ,and Re 


Fig. 12.2 An inverting state-variable bandpass filter. 
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which, preferably, should be in one package for thermal tracking. This 
circuit has several advantages over single op amp bandpass filters. First, if 
components are properly selected, the passband center frequency f, can be 
made independent of circuit Q. Second, the sensitivity of f, and Q to parame- 
ter variations is very low in the state-variable filter. Third, high circuit 
Q’s are possible (Q > 5). 

The filter is made up of two integrators (A, and A;) and a summing ampli- 
fier. The passband center frequency is 


if R; 1/2 
Dope eee 
The circuit Q is 


o = Lt RRs (Bug 


~ 14 R,/R, \RgReCz 
If we initially set R3 = R, (fixed resistors) and C = C, = C; (fixed capacitors), 
these equations reduce to 
1 
to = 2)1/2 
2r(RsReC ) 

(1 + R2/R,)(Rs/Re)"” 

2 
Suppose we let R; and R, be ganged pots with identical resistances. In this 


case R;/Rg always equals unity and Q depends only on R, and R,. If the 
common value of R; and R, is R, the equations reduce to 


ih 


and O= 


fo = SRC 
_R, +R, 
os QR, 


The ganged pots R,; and R, are used to set f, while R, is used for Q adjust- 
ment. 
The transfer function for the circuit shown in Fig. 12.2 is 


Vo —sA 


ho BAe Can aete 
hie bonis Ry 
h A= a 
eC, VouRne 
Wels ty cos R,/R, 
R;C, ] + R,/R, 
peed ch ate 
R, RRC ,C, 
DESIGN PARAMETERS 
Parameter Description 
Ane Closed-loop voltage gain of circuit as a function of frequency 
Gi, Gs Capacitors which help determine bandpass center frequency 
; Bandpass center frequency 


H Voltage gain of circuit at resonance 
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Parameter Description 

I, Op amp input bias current 

6) Quality factor of circuit 

Riehs Resistors which determine Q of circuit 

R,; R, Resistors which set gain of A, 

RR. Resistors which control f, of circuit 

Re Resistor used in tee networks to make large simulated resistances in 
place of R; and R, 

Se Sensitivity of parameter B to variations in parameter A 

ee Radian frequency of passband (w, = 27 f,) 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 R; 1/2 
1 Passband center frequency fo = = aca cronen, 
2 Circuit Q Ce 1+ R,/R, (FoR 
~ [+ R3/R4 \RaReCz 
3 Circuit gain at f, H = R,/R; 
4 Voltage gain of circuit (in ie Vo _ sHa,/Q 
classical form) "Vi 8? + 8(@,/Q) + o 
where w, = 27f, 
s = j2uf 
5 Sensitivity of f, to eee 
component parameter os GS 
= ti ] 
varlations so = sfo wat mens 
ee ee 
6 Sensitivity of O to R 
component parameter S3.= S83, = R R 
variations a at 
seg ale 
Shs = Sk, 2 Ry BR 
) 
Sis = Sk. = 5 
1 
S83, re Sé, oa 9 
uy Fe or 2 —sA 
i Voltage gain of circuit Are = Wieqeee BG 
pe ee ee <o 
sae aed (HOMES si) 
eee eerie 
R:Cy 1+ Re 
C Rs ‘\ 


~ R, RsReCiCz 
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DESIGN PROCEDURE 


This circuit has two design requirements: (1) the passband center fre- 
quency f, and (2) the circuit Q. The gain H at f, is fixed once Q is chosen. 
The design steps to follow will show an optimum way to calculate circuit- 
component values using the required f, and Q. The sensitivity of f, and Q 
to component parameter variations is dependent only on the quality of 
passive components used. 


DESIGN STEPS 
Step 1. Compute nominal values for R; and Ry, using 


108 

io 

3 4 fe 
These values are not critical and may be selected from one-half to twice the 
computed R;. However, R; = R, must be maintained. IfA, is a conventional 
bipolar monolithic op amp, do not allow R; = R, to go above 1 MQ. If A, has 

a low I,, Rg and Ry may be 10 MO or more. 
Step 2. Select a common value for C, and C, in the vicinity of 


1 One 
fo 


Again, as in step 1, a value for C,; = C, from one-half to twice the computed 
value may be used. 
Step 3. Compute the required common values for R; and R, from 


ees 
QarfC 1 


As in step 1, these resistors may cause offset problems if they become much 
larger than 1 MQ (or 10 MQ if A, and A; have low input bias currents). If 
this is a problem, C, and C, can be adjusted upward and R,;= R, recal- 
culated. If C, and C, are already too large, R; and R, can each be replaced 
with the tee network shown in Fig. 12.2. The value for R, in each tee net- 
work is 


C,=C,= 


R;, = Rg = 


101° 


Offsets at the output of A, can be further reduced by returning the non- 
inverting input of A, to ground through a resistor with the same resistance 
as Rs. Likewise, A; offsets can be reduced by returning the noninverting 
input of A; to ground through a resistor equal to Rg. 

Step 4. Set R,; = R;. Compute R, from 


R, = R,(2Q aa) 1) 


Step 5. Use Eq. 3 to compute the circuit gain H at resonance. 

Step 6. Compute the sensitivity of f, to component parameter varia- 
tions using Eq. 5. 

Step 7. Compute the sensitivity of Q to component parameter varia- 
tions using Eq. 6. 


R;, = 


EXAMPLE OF BANDPASS-FILTER DESIGN A filter with a center frequency of 100 
Hz will be designed using the seven steps. This example will illustrate the 
ease with which this circuit can be designed even though the transfer func- 
tion is quite complex. 


STATE-VARIABLE BANDPASS FILTER 12-11 


Design Requirements 


7 — 100 Hz 
ies 50 
Device Data (AT = —55 to +125°C) 
=f = +0.018 (all resistors) 
= = —0.027 (all capacitors) 


Op amp type: quad 74] 
I, = 0.5 wA (max) 

Step 1. Nominal values for R; and R, are 108/f, = 108/100 = 1 MQ. 

Step 2. Nominal values for C, and C, are 10~7/f, = 10-7/100 = 1,000 pF. 

Step 3. Required values for R; and Rg are 
ete gan oes Ser 
Qrf,C,  27(100)10~9 
These resistors will cause an output offset voltage in A, and A, of I,R, = 
0.5 x 10°° x 1.59 x 10°=0.8 V. To prevent this offset at the output of A, 
and As, we will use two of the tee circuits shown in Fig. 12.2. 

101° 101° 

R;—2x10® 1.59 x 10®—2 x 10° 
As an additional guard against offsets we can return the noninverting inputs 


of A, and A, to ground through 100 kQ. + 7.194 = 107-kO resistors. 
Step 4. We set R, = R,;=1MQ. R, is found from 


R, = R,(2Q — 1) = 10%(2 x 50 — 1) = 99 MO 


Rs = Rg = = 1.59 MQ 


R,; = = 7,194 0 


This value of R, appears to be impractical. We can use the same tee recom- 
mended in step 3 to solve this problem. The required value of R; is 


1019 1019 


He Rox 10® 99x 107-2108 11% 
Step 5. The circuit gain H at resonance is 
fee Bem AO 
Hs Re OG 99 
Step 6. Sensitivity-function computations for f, variations are as follows: 
RESISTORS 
i 
So 3 
1 


FOs Clo. * 5 OlOee = en 
Sk. Sis Sis 9 
The AR/R = +0.018 (—55 to +125°C) specified for all resistors will cause f, 
to increase by 4,(0.018)100 Hz = 0.9 Hz owing to R3. Resistors Ry, R;, and 
Rg will each cause f, to decrease by the same amount. 

CAPACITORS 
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The AC/C =—0.027 specified for each capacitor will cause f, to increase by 
—/,(—0.027)100 Hz = 1.35 Hz. 

The total shift in f, due to parameter variations of the above six components 
will be +0.9—0.9 —0.9 —0.9 +1.354+1.35=+0.9 Hz. This 0.9 percent positive 
frequency shift will occur as the temperature increases from —55 to +125°C. 

Step 7. Sensitivity-function computations for Q variations are as follows: 
RESISTORS R, AND R, 
R, 9.9 x 107 
Si: = Sts = RR, ~ 10° +9.9 x 10” ce 
This will cause O to vary by 0.99(0.018)50 = 0.891 as the temperature varies 
from —55 to +125°C. 
RESISTORS R; AND R, 


1 Rg 1 10° 


Sk, = Sk. = 5 Bote Ree 10t To? ? 
RESISTORS R; AND Rg 


1 
S38, = S38. ria 9 
The change in Q due to this sensitivity function is 1/,(0.018) x 50 = 0.45. 
CAPACITORS 
1 
Sé, ‘oF Sé, “a 9 


The change in Q due to changes in each capacitance is 1/,(—0.027)50 = —0.675. 
The total change in O as the temperature varies from —55 to + 125°C will be 


0.891 + 0.891 + 0.45 + 0.45 — 0.675 — 0.675 = 1.332 
This is a 2.7 percent change in Q. 


REFERENCES 


1. Kerwin, W. J., L. P. Huelsman, and R. W. Newcomb: State Variable Synthesis for 
Insensitive Integrated Circuit Transfer Functions, IEEE J. Solid-State Circuits, 
vol. SC-2, pp. 87-92, September 1967. 

2. Tobey, G. E., J. G. Graeme, and L. P. Huelsman: “Operational Amplifiers — Design 
and Applications,” p. 307, McGraw-Hill Book Company, New York, 1971. 


Chapter 1 3 


Bandstop Filters 


INTRODUCTION 


These circuits are especially useful in systems containing unwanted signals 
of fixed frequencies. Often the only way to eliminate the unwanted signals 
is to pass the main signal through several bandstop filters. Each filter will 
reduce one unwanted frequency to a tolerable level. Since no filter is ideal, 
frequencies on either side of the bandstop frequency f, will also be slightly 
affected. Ifthe response curve of the filter is very sharp, its effect on the sys- 
tem may be minimal. However, a highly stable, very sharp bandstop (or 
notch) filter is practical only if the unwanted signal frequency is also very 
stable. 


13.1 ACTIVE INDUCTOR BANDSTOP FILTER 


ALTERNATE NAMES Notch filter, active bandstop filter, active RC notch 
filter, parasitic suppressor, hum-reduction circuit. 


EXPLANATION OF OPERATION The circuit shown in Fig. 13.1 provides unity 
gain for all frequencies from dc to f, except at f,, the notch frequency. The 
voltage gain of the circuit at f, may be 50 or 60 dB below unity with a careful 
selection of components. The notch frequency is tuned using C, or Cy. 
These components actually affect both notch frequency and notch depth. 
The final notch depth (sharpness) is controlled using R,. C, or C, may be- 
come fairly large with a low notch frequency. In this case C, or C, may use 
a large fixed capacitor in parallel with a trimmer capacitor. 

The transfer function of the circuit is 


Vo___jaC Rf? — f2) 
Vi f(R+Rs3) +j2aC,R*(f? — f5) 
where R = R, = R; and f,, the notch frequency, is 
i 
Jo SaR(CC) 
When f= f,, the numerator goes to zero and the gain A,, ideally should also 


equal zero. In practice, the gain of this circuit will be 50 or 60 dB (gig to 
000) below unity if the following relationship is exactly satisfied: 


yee a 
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Ry is, Ry ue 


Re OREERS OR 


The notch-sharpness adjustment R, is used to satisfy this equation. 
The bandstop filter shown in Fig. 13.1 is a variation of the basic differential 
amplifier shown in Fig. 9.1. There are two differences between the circuits: 
l. The resistor going to ground (R, in Fig. 9.1) has been replaced with 
C,, C,, R4, Rs, and Az. This network simulates a series RLC network. At its 
resonant frequency f, it becomes a pure resistance R, + Rs. 


Fig. 13.1. Bandstop filter which utilizes an active inductor. 


fo =1000 Hz 


fo=1098 Hz 


f (e) 
ee oe = 5.4 
(= aa 
‘6 «O11 
m 
2 
Ne 
= 
Notch depth =34dB 
0.01 


700 800 900 1,000 1,100 EZOO 1,300 
Frequency ,Hz 


Fig. 13.2 Frequency-response curve of active-inductor bandstop filter. 
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2. Both differential inputs in Fig. 13.1 are tied together. Therefore, if 
this were a balanced differential amplifier (as in Fig. 9.1), the output would 
be zero. For this circuit (Fig. 13.1), zero output occurs only at the resonant 
frequency where R,/R, = R;/(R,+R;). At all other frequencies the differen- 
tial amplifier is out of balance and the circuit gain is +1. 


DESIGN PARAMETERS 


Parameter 


Description 


Op amp for differential amplifier 

Op amp for simulated inductance 

Voltage gain of circuit 

Capacitor which is C portion of effective series RLC circuit. This part 
affects f, only 

Part of simulated inductance in RLC circuit. This part affects both f, 
and QO 

Notch center frequency 

Unity-gain crossover frequency of A, 

Frequencies where circuit response is 3 dB below the frequencies far 
removed from f, 

Quality factor of circuit O = f,/(fo — fi) 

Gain-determining resistors 

Resistive portion of effective RLC circuit 

Common value for Ry and R; (R = Ry = R;) 

Input resistance of circuit 

Input voltage to circuit 

Output voltage from circuit 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
: ; ‘ V i2arC..R2( f2 — f2 
1 Voltage gain of circuit Arne == j2mC,R?( z) 


2 Notch frequency 


where R = R, = R; 


1 
Jo SRC.) 


2 Resistor ratios required for proper De eeidiz Ss Be 
operation R, R,+R;, 2R 
es 
4 Q of circuit OF Theok 
; we _ R,(R3 + 2R) 
5 Input resistance of circuit tite Ri, = heen. oR + Ry +2R 
6 Input resistance of circuit at all ae 8 


frequencies not near f, 


DESIGN PROCEDURE 


In order to simplify the calculations for this bandstop filter, we begin by 
fixing the nominal value of all resistors. The two capacitors then depend only 
on the resistor choices, the notch frequency, and the notch sharpness. 
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DESIGN STEPS 


Step 1. Set R, = R, = R; = 2Ri, where Rj, is equal to or above the mini- 
mum required input resistance. 

Step 2. Set R= R,=R; = R,/2. 

Step 3. Compute C, = 2Q/zf,R. 

Step 4. Compute C, = 1/[(2af,R)?C,]. The smaller of C, or C, may be 
used to tune fy. 

Step 5. Compute Eq. 2 to verify that the correct notch frequency has 
been implemented. 


EXAMPLE OF BANDSTOP-FILTER DESIGN We will design a medium-Q bandstop 
filter for 1,000 Hz to illustrate the five design steps numerically. 


Design Requirements 


f, = 1,000 Hz 
Q=5 
R,, (min) = 10,000 0 
Step 1 
R, = Ry = Ry = 2(Riq) = 2(10,000 Q) = 20,000 2 
Step 2 
Re Rosy ee 000 
9 9 
Step 3 
eee eee One aes 
Cie rH tr COO Bee eae 
Step 4 
CEE aN a 2 Se a ee cree ee 
1~ (nf,R)2C, (27108 x 104)? 3.18 x 1077 
Step 5 


u 1 
fo = SER(C,Ca)"® ~ 2n(10*)(0.159 x 10-* x 1.59 x 10-12 — 1,000 Hz 


REFERENCE 


1. Harris, R. J.: The Design of an Operational Amplifier Notch Filter, Proc. IEEE, 
October 1968, p. 1722. 


13.2 TWIN-TEE BANDSTOP FILTER 


ALTERNATE NAMES Notch filter, active bandpass filter, active RC notch 
filter, parasitic suppressor, hum-reduction circuit. 


EXPLANATION OF OPERATION The circuit shown in Fig. 13.3 provides a means 
to adjust circuit Q without affecting notch frequency. The circuit Q is ad- 
justable from approximately 0.3 to 50 using Ry. The minimum Q is obtained 
when the R, wiper is at ground potential. Notch depth and frequency are 
controlled with the six components in the twin tee. The basic six-component 
twin tee (C,, Cz, C3, R;, R:, and R;) typically provides a maximum Q of 0.3, 
approximately. A, and A, provide bootstrapping back to the twin-tee ground 


TWIN-TEE BANDSTOP FILTER 13-5 


Fig. 13.3 Twin-tee bandstop filter with adjustable Q. 


point, thus making a maximum OQ of 50 possible. Figure 13.4 shows the range 
of adjustment R, provides. 
The transfer function of the circuit is 


A pV gy Ses eg es 
ve V, s?+Ds?+Es+C 


R,(Ry + R3)CiC3 


where A = % 
C,+C 
p = Fuca + Cs) 
én 
De R,(R, + R3)C,C3 + R,R3C.C3 + RyReC2(C,; + Cs) 
A 
pe R,(C, + C3) + RyC, + (R; + R3)C3 
A 
A = R,R.R3C,C.C3 
The notch frequency is 
f == ( C,+C; a 
° Yar \C,C.C RRs 
The design of this circuit is simplified if the following relations are used: 
R, = R, = 2 R, 
= 


Ric, = RC, = R3C3 
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Voltage gain 


0.01 


0.001 


Q=10 (Ra wiper at 95 %o) 


Qz0.3(Rq wiper at O%) 


10 6-20. 30) C40 550. GO 70 «S050 100: (NO ZO 450-46 
Frequency, Hz 


Fig. 13.4 Gain as a function of frequency for the twin-tee bandstop filter. 


DESIGN PARAMETERS 


Description 


Buffer amplifier with high input resistance which does not load twin-tee 


Low-output-resistance buffer which bootstraps ground return of twin tee 


Parameter 
A, 
network 
A, 
to circuit output voltage 
Ave Voltage gain of circuit 
Gio CU. Capacitors which determine notch frequency 
5 Notch frequency 
Q Quality factor of circuit 
eas. Rs Resistors which determine notch frequency 
R; Potentiometer used to adjust the QO 
R, Generator output resistance 
V; Circuit input voltage 
V, Circuit output voltage 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
VY, + Ds?*+ Es +C 
1 Vol i a Oe ee ee ee 
ee eee Ave Fae ad Oa ad Oa ee: 


circuit 


R(R; + R3)CiC3 


where A = a 
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Eq. 
No. Description Equation 
_ RC, + Cs) 
sit A 
] 
Cees 
Pye R(R, + R3)CiC; + RiR3C2,C; + RiR2C,(C, + C3) 
A 
E = R,(C, oh C3) sm R,C, 4 (R, 1 R3)C3 
A 
A= R,R.R,C,C.C, 
eich C,+C, \'" 
2 Notch frequency t= on Ree 


3 Recommended relation- R,=R;=2R, = 100 R, 
ship between 


resistors 
. C, 
4 Recommended relation- C,=C;=— 
; od 
ship between 
capacitors 


5 Recommended relation- R,C, = R,C,=R;C; 
ships between resis- 
tors and capacitors 


DESIGN PROCEDURE 


Since the equations describing this circuit are so complex, a simplified ap- 
proach is necessary. The steps can be used for a first-cut design, with refine- 
ments made afterward. 


DESIGN STEPS 


Step 1. Choose R, = R; equal to a practical value greater than 100 Rg. 
Set R, =e Hs). 
Step 2. C, and C, are found by combining Eqs. 2 through 5: 


fear oe 

Amf,R> 

Step 3. Using Eq. 4, we now determine C, and C3: 
GC, = 2C, C=C, 

Step 4. Verify that f, is correct using Eq. 2: 


ee Te i 
© Qar C,C.C;R,R; 


C,=C,= 


EXAMPLE OF BANDSTOP-FILTER DESIGN The design of a 60-Hz bandstop filter 
using the four design steps will be presented. 


Design Requirements 


Io— 00 Hz 
Largest resistor = 2 MQ 
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Design Parameters 
R, = 600 
Step 1. We first compute 100 R, = 100(600) = 600 kQ. Set Ry = R3 = 


2 MO to satisfy Eq. 3. We then set R, = R,/2= 1 MO. 
Step 2. We determine C, and C, as follows: 


uf ] 
C,= C3 == Anf,Ro == 47(60) 10° ae 1,320 pF 
Step 3. C, is simply C, = 2C, = 2(1,320) = 2,640 pF. 
Step 4. The resonant frequency is double-checked: 
f= = ( C,+C; i 
eo Qa G.CsG.R iR; 
bxlsde ( E32 Sel08 32 x 102 \ 
Wor 32 1078 2.64510 Ki 32 x10 lO 


= 60.2 Hz 


REFERENCES 
1. Dobkin, B.: “High Q Notch Filter,’ National Semiconductor Corp. Linear Brief 


LB-5, 1969. 
2. Ramey, R. L., and E. J. White: “Matrices and Computers in Electronic Circuit 


Analysis,” p. 36, McGraw-Hill Book Company, New York, 1971. 
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Frequency Control 


INTRODUCTION 


In this chapter we present design information on several circuits which 
manipulate frequency or perform a function related to frequency. The first 
circuit presents a method for doubling the input frequency. The second 
circuit provides the designer with an analog voltage proportional to the 
difference between two input frequencies. Other chapters in this handbook 
contain more frequency-related circuits. A frequency-to-voltage converter, 
or FM detector, is described in Chap. 7. A frequency divider, or bistable 
multivibrator, is shown in Chap. 20. Chapter 21 describes a voltage-to- 
frequency converter (voltage-controlled oscillator). 


14.1 FREQUENCY DOUBLER 
ALTERNATE NAMES Frequency multiplier, harmonic generator. 


EXPLANATION OF OPERATION The circuit shown in Fig. 14.1 is a practical 
frequency doubler since it requires only one +5-V supply. A, and A; are 
comparators which operate from a wide range of supply voltages. Ay, is an 
integrator with dc negative feedback which forces v, to stay out of saturation. 
The output IC is an exclusive OR gate. 

The timing diagram in Fig. 14.2 is useful to visualize how the circuit oper- 
ates. Both A, and A; are operated as level-detecting comparators. Ay, is set 
to trip at V; and A; is set to trip at Vz. Resistors R, to R, provide hysteresis 
(positive feedback) in the A, circuit. This forces the A, output voltage to 
make clean transitions between states each time v; passes through the trip 
point. In many applications we can let Vc = zero volts. The trip voltage 
Vc for a raising waveform [zero to v;(peak) ] is slightly higher than V, because 
of the hysteresis: 


ns 5R, 
R,+R.+R; 
For a falling waveform [v;(peak) to zero] the trip voltage is V,, since v, = 0 


and no hysteresis voltage is fed back. 
In A, the output voltage v3; changes states each time v, passes through V3. 


Vo=Va 


14-1 
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Fig. 14.1. A frequency doubler with a TTL-compatible-output. 


SV 


Zero 
Vo 


Fig. 14.2 Waveforms at various locations in the frequency doubler. 
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The outputs from A, and A; are rectangular waveforms with duty cycles which 
depend on the relationship of V, to v; and Vz to Us. 

Since A, is an integrator, v, is a triangular waveform. Voltage v; will bea 
symmetrical square wave (50 percent duty cycle) only if the average voltage 
of v, equals Vz. The input voltage v; may not be symmetrical, so V, may be 
set to obtain the required symmetry. 

The dc feedback voltage v4 is equal to the average value of v3. This aver- 
aging is done with a brute-force filter composed of Rg and C,. The dc feed- 
back voltage forces the average value of v; to equal the average value of vj. 
Both v, and v3 are rectangular waveforms with an ON voltage of +5 V and an 
OFF voltage of zero. Therefore, v,; and v3; will have identical ON and OFF 
times if the v, feedback is utilized. With the integrator in the loop, however, 
v3 will be delayed by one-half of the v, ON time. 

The circuit output voltage v, is high when v; or v,; is high, but not when 
both are high. Since v; may not be a 50 percent duty cycle waveform, vu, 
will not be a 50 percent waveform. If a 50 percent duty cycle is required, 
V, can be appropriately adjusted. 


DESIGN PARAMETERS 


Parameter Description 

A), As Comparators or op amps used as comparators 

As Dual-input integrator 

Ass Open-loop dc voltage gain of A; 

eee EP Integrating capacitors 

f,(min) Limiting lower frequency where integrator output voltage reaches + 
saturation 

f:(max) Limiting upper frequency where output voltage changes of A, are not 
sufficient to switch A; on and off 

i. Input bias current of A, 

Toe Input bias current of A, 

Bo: Resistors which determine hysteresis of A, 

Ron, Output pull-up resistors of A, and A; (required only if A; and A; have 
open collector outputs) 

R,, Re Integrating resistors 

Vi; Vp Bias voltages 

Vo Bias voltage plus hysteresis for A, 

Uj Circuit input voltage 

Vo Circuit output voltage 

v, to v4 Voltage waveforms at various locations in circuit 

v,(on) Peak voltage of v, 

v, (off) Minimum voltage of v, 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 __ Trip voltage of A, for rising v ig a a teat LF 
rip voltage of A, for rising v; < te ER ER, 
waveform 
hate J (vu, — v,)dt 
2 Integrator output voltage 0, = (R, + ROC, + 0, 
: i Vi 
3 Nominal resistor values R, <= 


Ty 
The minimum R, should be ~1 kO 
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i 


Eq. 
No. Description Equation 
jee oR, at (Ry fr R3)(Ve as Va) 
e Ve bear Ve 
R,— lito 10 ko 
Ii. 
| Re= Pie 10 ko 
8 R, < Das) R; 
Ty. 
9 Nominal capacitor val Cae 
ominal capacitor values ie (Ree, anda) 
abs 
ae C2 ~ (RL + R,)ftmin) 
ia Minimum frequency of operation f,(min) ~ ee 
. . v,(on)Ay3 
12 Maximum frequency of operation f,(max) ~ 


2R,C, v;(on) 


DESIGN PROCEDURE 


If this circuit is designed around one supply voltage (+5 V), several parts 
can be saved. Design equations 1 through 5 have assumed this simplifica- 
tion. We will also assume a symmetrical sine wave is driving the circuit and 
that a TTL-compatible output is required. 


DESIGN STEPS 


Step 1. Choose a V; which is 0.1 to 10 percent larger than V,. A large 
V. (1 to 10 percent) is required only if v; contains excessive noise. Select 
R, such that it satisfies Eq. 3: 
107V, 
Se eae 
Step 2. Assuming 11ll-type comparators are to be used, we can let 
R, =R; = 5,100 2. Compute the required R, using Eq. 4: 


OR, ae, (R, i R;)(Vc en V,) 


ics meas 
Step 3. Compute R, and R, from Eqs. 6 and 8: 
10-2 
; Tyo rm R; 
10-3 
Re > Tye ; 


Step 4. Capacitor values depend on the minimum input frequency 
f,(min). Recommended capacitor values come from application of Eqs. 9 
and 10: 
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1 

oe (R; + R,)f;(min) 
D 

(R; + Re)f,(min) 


EXAMPLE OF FREQUENCY-DOUBLER DESIGN Suppose we want a frequency 
doubler for an audio application. Electronic music synthesizers require 
frequency doublers (or multipliers) to generate “rich” sounds. The input- 
output voltages and frequency range must be compatible with standard 
studio practice. 


Design Requirements 

7,anin) = 20°'Hz 

v, = TTL compatible 

V;(noise) = 0.1-V peak 

v; = sine wave varying from zero to +4 V (NOTE: Many comparators do not 
allow the input voltage to exceed the limits of the two supply voltages. 
If our supply voltages are +5 V and ground, v; must be within the 0- 
to +5-V range at all times) 


Device Data 
l—10~ A (111,comparator) 
Ij; = 2 < 10-° A (108 op amp) 


Step 1. Our choice for V, will be ground potential with V, = 0.2 V, 
since the peak noise in v; is 0.1 V. This small offset will not make v, very 
nonsymmetrical. R, is computed from 


We will set R, = 1,000 ©. 
Step 2. R, is determined from 


— OR, = (R, i R;)(V¢ “s Vi) 
Ve ca V4 
5(1,000) — (1,000 + 5,100)(0.2 — 0) 


MMACC ae hme 


R, 


We will let R, = 18 k. 
Step 3. R, is determined from Eq. 6: 
10° 103 
ies is — Ba = 3107 


= 495 kO 


= oLOO 


We will use R, = 470 kQ. The calculation for R, is identical, so we also set 
ee )k(): 


Step 4. Capacitor values are as follows: 


1 1 
= 0,1) a F 
oa (R, +R,)f(min) (5,100 + 470,000) 20 oe 


5 5 
nie (R; + R,) f,(min) (5,100 + 470,000) 20 — LEE 
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REFERENCE 
1. “Linear Applications,” p. AN41-4, National Semiconductor Corp., January 1972. 


14.2 FREQUENCY-DIFFERENCE DETECTOR 


ALTERNATE NAMES Frequency comparator, bipolar frequency-difference 
detector, heterodyne circuit, frequency discriminator. 


EXPLANATION OF OPERATION While this circuit is less accurate than a digital 
frequency-difference detector, it has several advantages: 

1. It can interface directly with analog circuits on the input and output. 
2. It provides both sign and magnitude of the difference frequency. 
3. It is simple to understand and requires only a few parts. 

As shown in Fig. 14.3, each input line triggers a single shot once per cycle. 
These output pulses are all of identical amplitude and duration. One pulse 
train drives the noninverting input of a low-pass filter and the other pulse 
train drives the inverting input of the same low-pass filter. The dc output 
of the low-pass filter will therefore be proportional to the difference of the 
average values of these two pulse trains. Since the average value of each 
pulse train is proportional to that particular input frequency, v, will be pro- 
portional to the difference in the two input frequencies. 

If a 74123 dual single shot is utilized, triggering can be performed on 


O 
@) = 


v, O 
+5VO 
C3 
Rs 
R, 
O 
Pulse width adj. 
& Ve 
+5.V.0 
Re O( -) 
fo 

Vo O 
+5 VO 


== V =4+5 V 
cc 


Fig. 14.3 A frequency-difference detector. 
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either a rising or falling waveform. Figure 14.4 assumes triggering on the 
rising waveform. For a rising waveform the output pulse will begin (at the 
latest) when the input rises to 2 V. If the trailing-edge input is used, trigger- 
ing occurs (at the latest) when the input signal falls to 0.8 V. 

The output pulses from the two single shots should be identical in all 
respects if balanced operation is desired. Since the dual single shot is 
operating from a +5-V supply, both pulse trains will have identical ampli- 
tudes. The OFF amplitudes of v, and vu, are also required to be identical, 
since the low-pass filter responds to the average value of each pulse train. 
The average value of each pulse train is 


v3(av) = v,(on) T, f, + v3(off) 


and v,(av) = v,(on) T, f, + v,(off) 
The dc output voltage from the circuit is 


v(de) = F* [o4(on) Taf, + vilof)] — B® Cvg(on)T, fi, + vs(off)] + Vo 
4 3 

where R,/R, is the op amp noninverting gain, —R,R, is the op amp inverting 

gain, and V,, is the op amp output offset voltage due to V;, and /,,._ In practice 

we attempt to set R,/R,= R;/Rs, v3(on) = v4(on), T; = T>, and v,(off) = v,(off). 

If we also adjust R, to cancel out the effects of V,,, the de output voltage 

reduces to 


ieee R,v,ton) Tf; —J;) 
R, 
f; = fo f, = fo f; <fo 


ig] an ea a a GN at Brae 
eS Sea UV aa ey, 


fe: afi) APE 


Average v3 Average v3 
IS Bieviee L. 
Average vg 


Average v4 


peeon loaf EAL 


Positive output 
Zero output a 
Vo 


Negative output 


Fig. 14.4 Waveforms at various locations in the frequency-difference detector. 
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These conditions can always be met if R,, R3, and R, are made adjustable. 
The pulse widths are typically set to be 0.1 to 0.2 of the smaller of 1/f, or 
l/f;. The pulse widths as given on the 74123 data sheet are: 
T, ~ 0.25 R,C,s 
geo De Ar TROBE 


DESIGN PARAMETERS 


Parameter Description 

A, Dual-input low-pass filter 

Ga..Gs Determines pulse widths of T, and T, 

GanC, Determines low-pass properties of A, circuit 

fi Reference frequency 

ifs Unknown frequency 

fax Maximum of f, or fy 

I, A, input bias current 

te A, input offset current 

ie Nominal recommended currents for Z, and Z, 

Tee is Determines pulse widths of T, and T, 

Ho4G.R. Determines gain and low-pass properties of A, circuit 
R, to Ryo Offset adjustment circuit to set v,(dc) = 0 when f, =f, 
y ieeee Os Widths of pulses in v,; and v, pulse trains 

Un, Single-shot multivibrators 

v, (de) Circuit output de voltage 

0, tO 0; Voltage waveforms (see Fig. 14.4) 

Ve Input offset voltage of A, 

Veo Output offset voltage of A, 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Circuit output voltage assuming all v,(dc) = Rev,(on) Tf, = Sy) 
: R, 
error sources and offsets are trimmed 
out with R,, R3, and R, 
2 Pulse width of T, (ON time) Ty =.0.25R, Cys 
3 Pulse width of T, (ON time) T, ~ 0.25R,C, s 
4 Maximum T, and T, jd a 
5 Average value of v, v3(av) = v,(on)T, f, + v;(off) 
6 Average value of v, v,(av) = v,(on)T, f, + v,(off) 
: : : Ren v,(max) 
a Required gain-settin —3 — —§ — —___® 
resistor ratios R, Ry — 4(on)T2| fo — filmax 
8 Offset-adjustment network resistor R,=R, 
relationships Ry2-R; 
Ri ~ Rg 
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Eq. 
No. Description Equation 
9 Recommended size of R, Minimum load resistor aga v,(on) 

allowed for single shot ¥ hi 

10 Recommended sizes for C; and C, Ge='Cz> Patt coe 
2a fnaxRs 

11 Recommended size for R, and R, okQ = Rp= Re 50 kt) 

(if using a 74123) 
13 Output offset voltage of A, Vio = Vio (1 + 5) + 1,,R; 

3 


DESIGN PROCEDURE 


A dual single shot from the medium-power TTL family is assumed in this 
procedure. If op amp single shots are utilized, Chap. 20 should be consulted. 


DESIGN STEPS 
Step 1. Choose pulse widths T, and T, which satisfy Eq. 4: 
0.2 
T,=T,= 
: s faies 


Step 2. Select R, and R, in the 5- to 50-kQ range. The lower values 
of R, and R, allow T, and T, to extend down to 40 ns. Calculate values for 
C, and C, from 


4T 
C,=C, =~ rie 
The closest practical capacitor size to those calculated above can be used. 
The resistors R, and R, can be readjusted accordingly. 
Step 3. Calculate a value for R, using Eq. 9: 


A minimum value for R, is 470 © if the 74123 single shot is used. If R, is 
adjustable, a 470-Q resistor should be placed in series with it. 
Step 4. The value of R, is found using Eq. 7: 


= R, v,(max) 

v,(on)T»| fo — filmax 
Let R,=R; and R,=R;. Check to see that A,(fmax) is at least five or ten times 
larger than R./R;. If this is not true, the gain of the integrator stage must be 
lowered by reducing R, and R;. An additional dc-coupled buffer amplifier 
may be used if a larger v,(max) is needed. 

Step 5. C, and C, are determined using Eq. 10: 

gh Woe 
27 fmaxRs 


These capacitors control the amount of ripple noise in v,. An inequality by 
a factor of 100 to 1,000 may be required for Eq. 10. 


R; 


Cae = 
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Step 6. The balancing-network resistors are approximated using Eqs. 8: 
R,=R,, ~ 100 R; 
I; 


Check to make sure that R, > R;. If this is not so, some compromise in the 
above values may be required. 


R,= Ry = 


EXAMPLE OF FREQUENCY-DIFFERENCE-DETECTOR DESIGN Suppose we need a 
circuit which must monitor the stability of a 10-kHz signal relative to a highly 
stable 10-kHz clock. We want a positive dc output if the unknown frequency 
is higher than the reference. This requires that we make f, the unknown and 
fi the reference. A +1-kHz deviation is expected for fo. 


Design Requirements 
f, = 10-kHz reference sine wave 
v, = 8 V peak-to-peak (zero to +8 V) 
fo = 10+ 1 kHz (unknown) 
v0, = 6 V peak-to-peak (zero to +6 V) 
fax = highest f, = 11 kHz 
v,(de, max) = +1 V for‘a f, — f, =+1 kHz 
VS 15:V 
Device Data 


v,(on) = v,(on) = 3.9 V (assuming V,,. = 5.0 V) 
V,(off) = v,(off) = 0.2 V 


V,=2mV 
I, = 300 nA 
i 2Ss 30 nA 


v,(sat) = +13 V 

V3 <= Vie = 6.4 V at i es == L = 0.5 mA 
Step 1. T,=T, is calculated from 

PU Le ioe 

Pitheae oe O00 


Step 2. Let the first-cut R, and R, equal 10kQ. C, and C, are computed 
as follows: 


T,=T» = 18.1 ps 


4T, 4(18.1 x 1078) | 
Ai oe ae eID =i 71 240 DE 
If we use standard 6,800-pF capacitors for C, and C,, 


4T, 4(18.1 x 10-8) 


el eeCe CBD Ws 
Step 3. R; must be much less than 
Fe en eer iG 


I. -8005e10r2 


This will be easy to satisfy. We will let R, be a 2-kO potentiometer in series 
with a 1-kO resistor. The median R, will be 2,500 Q. 
Step 4. R; is determined by using Eq. 7: 


R3v,(max)  __ 2,500 (1) 


Bloat. fis Esa BOs (Os Onde eee 


R,= 
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We also assume 


The gain of most monolithic op amps is ~ 100 at 10 kHz. Since R;/R; = 
14.16, little gain error will occur. 


Step 5. C, and C, are found from 
1 1,000 J 
Cs= Ca > 5 FR. = Dn(1,000)354,0007 0°45 #F 


We will let C, = C, = 0.47 pF. 
Step 6. The balancing-network calculations follow: 


Rs = Ry. ~ 100R 5 = 100(2,500) = 250 k 


yer vn Ae 0A 
| 0.5 10> 


This is sufficiently lower than R, so that R, will not load R, and Rg. 


R, = R, = — 17,200 .@) 


REFERENCE 


1. Campbell, J. D.: A Simple Frequency Difference Detector, EEE, November 1970, 
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Integrators and 
Differentiators 


INTRODUCTION 


An integrator is a low-pass filter, and a differentiator is a high-pass filter. 
Each of these two circuits therefore performs a mathematical function which 
is the inverse of the other. Even though these circuits are related mathemati- 
cally, the practical problems associated with each are completely different. 
The prime differentiator problems are noise and instability. The integrator 
is prone to dc drift and offset. 


15.1 DIFFERENTIATOR 


ALTERNATE NAMES First-derivative circuit, differentiating amplifier, high- 
pass filter. 


EXPLANATION OF OPERATION An ideal differentiator produces an instantane- 
ous output voltage which is precisely proportional to the instantaneous 
derivative of the input voltage. The basic circuit which will perform this 
function requires the op amp, C,, and R, in Fig. 15.1. The other parts (R,, 
C,, R,, and C,,) have been added for reasons to be explained below. R, and 
C,, if properly sized, will stabilize the feedback loop, which is inherently 
unstable in the basic differentiator circuit. Referring to Fig. 15.2, if R, is not 
present, the open- and closed-loop frequency responses of the circuit inter- 
sect at 40 dB/decade (12 dB/octave). As shown in Chap. 3, the intersection 
should be 20 dB/decade (6 dB/octave) or less to provide absolute stability. 

Most op amps have another open-loop pole near f, which leads to more 
instability. C, does not allow the closed-loop gain curve to intersect the 
open-loop curve until the unity-gain crossover frequency has been exceeded. 
This provides an additional measure of stability. 

R, prevents I, from producing a dc offset at the op amp output. R, can be 
made adjustable from <R, to >R, to cancel out the effects of both I, and J;,. 

Capacitor C, is required to bypass the thermal noise of R, to ground and 
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él 


A low-noise differentiator with overload protection and good feedback 


Fig. 15.1 
stability. 


Open loop gain of 


If R; deleted 


If C¢ deleted 


Voltage gain 


fopt fo fop2 


Frequency 


Fig. 15.2 Differentiator frequency-response curves for three circuit configurations 
compared with the op amp open-loop response. 
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to maintain loop stability. It is added only if R, is greater than 5 or 10 kQ. 
C,, is chosen so that its reactance is less than one-tenth R, for all frequencies 
down to f,, if possible. See Chap. 3 for a discussion of the feedback-stability 
aspects of C, and R,,. 

Since this circuit is sensitive to the slope of the input signal, the designer 
must be aware of the relation between maximum input slope and maximum 
output voltage: 


dv, 


dt 


v,(max) = R,C, (max) 


If the possibility exists that input slopes steeper than the above maximum 
slope may be present, the zener-diode clamp is recommended. These zeners 
will prevent C, from acquiring a charge when unipolar noise bursts occur. 
This avoids a temporary paralysis of the input which could possibly last for a 
period of time after the burst. 

True differentiation will occur for frequencies below f,,,.. Beyond this 
frequency the circuit behaves as a voltage amplifier with progressively lower 
gain at higher frequencies. 


DESIGN PARAMETERS 


Parameter Description 

Ase Closed-loop gain of differentiator as a function of frequency 

C, Input capacitor required in basic differentiator 

OF Feedback capacitor utilized for stability 

C, Bypass capacitor utilized to hold op amp noninverting input at ac 
ground 

fe Geometric center frequency of passband for closed-loop circuit 

ee First-pole frequency of op amp 

a Second-pole frequency of op amp 

ses First-pole frequency of closed-loop circuit 

hae Second-pole frequency of closed-loop circuit 

4; Characteristic frequency of differentiator, i.e., the low-frequency 


unity-gain crossover frequency of closed-loop circuit 


Ef The unity-gain crossover frequency of the op amp 

i Op amp input offset current 

i: Op amp equivalent input noise current 

R, Input resistor utilized for stability 

R, Feedback resistor required in basic differentiator 

Ria Op amp differential input resistance 

R, Resistor used to cancel effects of the op amp input bias current 

v; Circuit input voltage 

Vi, Op amp input offset voltage 

V,, Op amp equivalent input noise voltage 

Vo Circuit output voltage 

: Se Total circuit output noise voltage 

ee Circuit output noise voltage due to op amp equivalent input noise 
current 

Bars Circuit output noise voltage due to op amp equivalent input noise 
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DESIGN PROCEDURE 


This circuit should present no design difficulties as long as the preceding 
noise and stability equations are followed. R, is the critical part which 
reduces both noise and instability. C, provides additional protection against 
instability for op amps having excessive high-frequency phase lag. The 
zener diodes are required only if large unipolar noise bursts are expected and 
if a temporary paralysis cannot be tolerated. 


DESIGN STEPS 


Step 1. Choose the + maximum limits for v,. Let the + power-supply 
voltages be at least 3 V greater than +v,(max). 

Step 2. Choose R,; so that 500 yA flows through it in the presence of 
+v,(max). 


__ v,(max) 
~ 5x 10-4 


Step 3. Assuming the maximum input slope is known, determine the 
size of C, using Eq. 7: 


R,; 


v, (max) 
dv; 
PT ds 


C,= 


NOTE: If C, is larger than 0.1 uF, make sure its leakage resistance is at 
least 100 times larger than R,;. Otherwise this leakage resistance (R,) will 
cause the differentiator to act as an inverting amplifier having a gain of 
—R,/R,. The output signal resulting from this will be added to that caused 
by differentiation, thus causing a distorted output waveform. 

Step 4. Compute the differentiator characteristic frequency f, from 


1 
fa = QR C, 
Step 5. Let R, = R,. Compute the optimum C, using Eq. 13: 
10 
Ce 
o* 2g; 
NOTE: The leakage resistance of C, should be at least 100 times larger 


than R,,. 
Step 6. If the op amp is guaranteed by the manufacturer to be stable 
with 100 percent feedback (unity-gain amplifier), let f, = (fof,,)'”. If the op 


amp second pole (f,,2) occurs at a lower frequency than f,, say at a frequency 
of Af,,, let 


Seat atiy 
(i.e., if foo2 = 500 kHz and f, = 1 MHz, A = 0.5). 
Step 7. Let the two closed-loop poles be placed at 


Sept = fe and feos = 2f, 


Step 8. Determine R, from Eq. 4: 


1 


Fe 2a for 
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Step 9. Determine C, from Eq. 5: 
rn 1 
Dit fenotty 


Step 10. Determine the differentiation error caused by nonideal op 


amp input parameters using Eq. 8. 
Step 11. Compute the output noise as a function of frequency using 


Eqs. 9, 10, and 11. 


Cy 


DESIGN EXAMPLE As a practical example suppose we need to generate a 
rectangular waveform from a sawtooth waveform. The maximum input 
slope is given to be +0.1 V/us. The resulting maximum output voltage 


should be +10 V. 


Device Data (108 op amp) 

V,, = 2 mV max at +25°C 

I, = 0.2 nA max at +25°C 

V, ~ 50 nV/Hz!” 

I, (not specified for 108) 

Sop: = 20 Hz (minimum compensation) 

Sov = 2 MHz (minimum compensation) 

f,, = 3 MHz (minimum compensation) 

Ria =3X 1070 

Step 1. If we choose the power-supply voltages to be +15 V, no possi- 

bility of nonlinear behavior due to op amp saturation will exist. 


Step 2. 
Hinge ETS. ¢ Seabee |) dele 
Be Ie SIO 
step 3. 
v, (max) 10 
C,=- = ——_—__—_—_— = 1),005 nF 
dv, (20,000) 0.1/10-* Fe 
’ dt |max 
Step 4. 
: Bg ak ee pe ecg ee 1,592 Hz 


tae QnR,C, 2m X 20,000 x 5 x 10-9 
Step 5. Let R, = R;= 20 kOQ also. 


We compute C, from 


10 10 
as Qnf,R, 2a X 1,592 x 20,000 — LSE 


Step 6. Since the second pole of the op amp f,,. occurs at a frequency 
slightly below the unity-gain crossover frequency f,, the factor A must be 


used. 
A Sena ae 2 


negef Aias 


thus fo = Asahi? 
= (0.667 x 1,592 x 3 x 10°) = 56,441 Hz 
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Step 7. 
eon =te— 28.2 kHz 
Sepe = 2f, = 113 kHz 
Step 8. 
R,= Pace th et i te ees Tee 1,129 ©} 
Pe lrfa GC) 2e28, 200 ox 10. i 
Step 9. 
OF : : = 70 pF 


~ QafooR, 2m X 113,000 x 20,000 
Step 10. The differentiation error caused by the nonideal op amp input 


parameters is 
dv; 
dt 


1 1 ] 
error C, te ee ai) Ver Te 
(1/1,384 + 1/3 x 107)2 x 10% + 2 x 10°" 
5x 107 


= 289 V/s error or 
289 wV/us error 


We can determine the circuit output-voltage error using Eq. 1: 


dv; 


= —20,000 x 5 x 107-9 X 289 = —0.0289 V 
dt jerror 


v, (error) = —R,C, 


Step 11. Since the 108 data sheets do not specify equivalent input-cur- 
rent noise, the differentiator output noise is simply 


a V,{s? + s[(R,C, + R,C, + R,C,)/R,R,C,C,] + (1/R,R,C,C,)} 
(s+ 1/R,C,)(s + U/R,C;) 
Ba 50[s? + (2.4 x 10°)s + 8.96 x 108] nV 
2X 107s + 1.45 x 10°)(s + 5.81 x 105) 
50(s + 3,793)(s + 2.36 x 105) 


~ (s+ 1.45 X 105)(s + 5.81 x 105) aM 


_ 50( jf + 604)( jf + 37,560) 
(jf + 23,077) jf + 92,469) 


Wien 


nV 


The noise ranges from 50 nV down to <1 nV over the differentiator useful 
frequency range (fj to fep1)- 


REFERENCES 
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3. Philbrick, G. A.: “Applications Manual for Computing Amplifiers,” p. 48, Nimrod 
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15.2 INTEGRATOR 


ALTERNATE NAMES Integrating amplifier, integral amplifier, definite- 
integral circuit, analog integrator, low-pass filter. 


EXPLANATION OF OPERATION An ideal integrator produces an output voltage 
which is proportional to the integral of the input voltage. In other words, 
the output is proportional to the product of the amplitude and duration of 
the input. The integrator performs this mathematical operation on an in- 
stantaneous basis, producing an output proportional to the sum of the prod- 
ucts of instantaneous voltages and vanishingly small increments of time. The 
result is an output exactly proportional to the area under a waveform. 

The circuit shown in Fig. 15.3 performs integration by using an op amp to 
force the same current through both R, and C,. The voltage across the feed- 
back capacitor is related to capacitor current by 


Per 
v= fiat 


Since the circuit causes i, to equal the input current (i; = v,/R,), 


1 
0. = 0, = ag, Jet 


The gain of the circuit is given by —1/R,C;. Thus the output voltage will 
change by —1/R,C, V/s for each volt of input. Numerically, the circuit per- 
forms integration in the following manner. For a start, assume v; = v, = 0, 
R,=10 kO, and C;=1 wF. Under these conditions no current will flow 
through R, or C,;. If a—1-V dc level is suddenly applied to v;, a current of 
v,/R, = —1/10*=—100 wA will immediately flow in R,. If we assume the 
op amp draws no current, 100 “A must also immediately flow through C,. 
To obtain a de current of 100 wA through C,, we require a linear positive ramp 


Fig. 15.3 A low-drift integrator with manual reset. 
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at v,. The current through the capacitor must satisfy i, = C,(dv,/dt). The 
ramp at v, will therefore have a slope of 


dv, _ ty _ et a wale 9) 
dt C, RC, 10x 10 


This is equivalent to saying 


1 
0,=— ag, |vat= 100t 


Since the input waveform can be sinusoidal or nonlinear, we have used the 
lowercase generalized nomenclature. The uppercase nomenclature is only 
for sinusoidal ac operations or dc parameters. 

The op amp input offset voltage V;, and input offset current I,, add errors 
to the above equations. If R, is not included in the circuit, the error caused 
by I,, is replaced by a larger error due to input bias current I,. The output 
voltage with these errors included is 


1 1 
Ec AS F + — - si : 
. al | plies | V..dt) +4 | [deena 


Note that V;, causes a small step voltage +V;, and a+ ramp with a gain of 
1/R,C,;. However, I,, causes a + ramp with a gain of 1/C,. This latter error 
source may be reduced if the designer has the option available to increase 
C, and lower R,. If this is done, one must realize that the input resistance 
is lowered and the leakage component of C, will probably be increased. 
The leakage current through C, must be less than J,. 


= 100 V/s 


Ul ——= 


fep1 


Avo 


Voltage gain 


Integrator circuit 


Frequency 


fop2 


Fig. 15.4 Frequency characteristics of a typical integrator compared with a typical 
op amp. 
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If the finite gain of the op amp A,, is considered, the transfer function of 
an integrator is 


A Bs ee tone 


es U; Cidas Ag Fao l IAs) 
where A,,, f,»1, and f; are defined in Fig. 15.4. 
The response of a practical integrator to a step function of amplitude —V is 
exp(-t/A,,R,C,) _ ed 


VU, = Ayo V 1 ~ 
1 i Aon egs 1 mis rer OP 


DESIGN PARAMETERS 


Parameter Description 

:; Open-loop voltage gain of op amp at de 

C, Feedback capacitor 

5 ae First-pole frequency of circuit 

tos Second-pole frequency of circuit 

: Characteristic frequency of integrator 

Se First-pole frequency of op amp 

t; Unity-gain crossover frequency of op amp 

i, Feedback capacitor current 

i, Op amp input bias current 

I, Op amp input offset current 

R, Input resistor to circuit 

R, Resistor used to protect op amp inverting input from large transients 
through C, when power supplies are turned off (required only if 
C, = 0.05 nF) 

R, Resistor used to reset integrator by discharging C, 

R, Resistor used to nullify effects of I, 

: Equivalent time constant of op amp dominant pole 

ge Time to reset integrator to zero 

oe Capacitor voltage 

U; Input voltage to circuit 

Vio Op amp input offset voltage 

Vo Output voltage of circuit 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Ideal output voltage ee 1 | ade 
2 Output voltage considering nonideal op ata 1 ( | dian eg 7 
amp input current and voltage and R,C, 
assuming R,=R,. If R, is not 1 
used, +I, must replace +1, os C Ti,dt + Vi, 


3 Transfer function of circuit considering ests —Avforfi 
CC a 
v 


finite op amp gain ; er Uf Acti Ail HAS) 


4 Response of circuit to a step-voltage ee: E _ exp(-t/A,,R,C,) 
input of —V . re Lat i Areh epi 


a4 ataeaee 
1 as ee 


15-12 INTEGRATORS AND DIFFERENTIATORS 
Eq. 
No. Description Equation 
5 Response of circuit for small values of V 
time for a step-voltage input of —V Po RE- [¢ + t, + T,exp(-t/T,)] 
where | os mene 
Qafssi 
6 Response of circuit for large values of —v, = A,,V[1 — exp(—t/A,,R,C,)] 
time for a step-voltage input of —V 
i Optimum size for R, to minimize nae Vio 
effects of I,, and V,, if R,; = R, ae F 
8 Optimum size for R, to minimize effects agen Was 
of I, and Vio if jae — 0 ; b 
9 Optimum size for reset resistor R, if R= Ts 
0.1% accuracy in starting point is Lars 
required 
NOTE: S, must be open and S, 
closed during reset 
10 First pole frequency of integrator for = i 
vo 
ll Integrator crossover frequency pe 1 
(characteristic frequency of ' e20nRi Ge 
integrator) 
REFERENCE 


1. Tobey, G. E., J. G. Graeme, and L. P. Huelsman: “Operational Amplifiers — Design 
and Applications,” p. 213, McGraw-Hill Book Company, New York, 1971. 


Chapter 1 6 


Limiters and Rectifiers 


INTRODUCTION 


This chapter discusses circuits which modify signals only if their amplitude 
possesses certain magnitude or polarity characteristics. 

The limiter does not modify the input signal until it rises to a given ampli- 
tude. Beyond this amplitude the signal is abruptly clipped. We will present 
design information on the conventional feedback circuit which performs 
limiting by clipping all waveforms above a given magnitude. 

Precision rectifiers alter the input signal depending on its instantaneous 
polarity. A half-wave rectifier can be made to remove either the positive or 
negative portions of a waveform. Likewise, the output signal can be chosen 
to display the selected polarity in either a positive or negative format. Full- 
wave rectifiers accept both input polarities. However, one of the input 
polarities becomes inverted so that the output is unipolar. Either type of 
rectifier can be operated with or without a filter capacitor in the feedback 
loop. Without this capacitor the output waveforms are of the same shape as 
the input, although their polarity may be inverted or amplified. The filter 
capacitor transforms the circuit into a precision ac-dc converter such that the 
output dc level is exactly proportional to the average value of the rectified 
input signal. 


16.1 AMPLITUDE LIMITER 


ALTERNATE NAMES Limited amplifier, volume compressor, amplitude lev- 
eler, feedback limiter, precision limiter, limiting amplifier. 


EXPLANATION OF OPERATION Amplitude limiters are required in many sys- 
tems where the amplitude of a signal cannot be allowed to exceed given 
positive or negative limits. This function is often done utilizing resistor/ 
zener networks. A zener in the feedback network of an op amp will also 
accomplish the same function without excessive loading of the input signals. 
Extensive coverage of these circuits is given in the literature. These circuits 
all suffer from one common disadvantage, namely, any time or temperature 
variation of the zener breakdown voltage creates a circuit error of corre- 
sponding size. This may be acceptable for applications where amplitude 
limiting is performed only for protection or noise reduction. However, in 
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that class of circuits where the limiting voltage is an important system 
parameter, a precision limiter, as described below, is required. 

In this section we will cover, in detail, the design of the precision bridge- 
type amplitude limiter shown in Fig. 16.1. The diode bridge is placed in the 
forward loop of the feedback network. This means that the effects of all 
nonlinear, forward resistance, and temperature characteristics of the diodes 
will be divided by a factor of 1/BA, in the closed-loop circuit. The transfer 
characteristics of the circuit, shown in Fig. 16.2, are therefore dependent only 
on resistor values and the two reference voltages Vz, and Vrs. The slope of 


Re 


Fig. 16.1 A precision bridge-type amplitude-limiter circuit. 


the linear region is identical to that of an inverting amplifier, namely, —R,/R,. 
The positive limiting output voltage is given by 


VaiRyRy 
R,R, + RR, + R,R, 


The negative limiting output voltage is 


V,,(sat,pos) = 


V2 Re 
R,R, + R,R; + RR; 


In the linear region of circuit operation the four diodes are all forward- 
biased. The voltage v, closely follows v, and the circuit gain is 


V,(sat,neg) = 


Note that no power can flow directly from v, to vg. All power for vz comes 
through R, or R;. However, v, and v, are controlled by v,, since v, is a stiff 
source and draws current through D, and D;. If D, is conducting, v, is one 
diode drop above v,, and likewise v, is one diode drop below v,. If D, is 
conducting, v, is one diode drop below v, and v, is one diode drop above t,. 
In either case, v, ~ vg. Utilizing back-to-back diodes in series with the signal 
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flow allows cancellation of most of the temperature-induced changes of diode 
characteristics. Any residual error caused by a mismatch of diodes will be 
reduced by a factor of 1/BA,, since the diodes are within the forward loop of 
the feedback circuit. 

If v, was not present, the maximum positive vu, is set by the voltage divider 
composed of Vp,, R,, Ry, and R,. Likewise the most negative v, is set by the 
voltage divider composed of Varo, R3, Ry, and R;. v, cannot swing vz beyond 
these limits. If v, swings positive beyond the upper limit, D, becomes 
reverse-biased and v, remains at the upper limit shown in Fig. 16.2. If 
U, Swings negative, it reverse-biases D, at the limit shown in Fig. 16.2. Thus 
D, and D, are switches which cause the abrupt change in circuit charac- 
teristics when the limiting voltages are reached. 


Vo 


VriR¢ Ra 


1a _ 
Vo(sat,pos) Re Ra + ReRot+RgRo 


~VRaR+Rq 


tn EO od 
Vo (sat, neg) R¢eRatReR3tRaRa 


Fig. 16.2 Transfer function of precision bridge-type amplitude limiter. 


DESIGN PARAMETERS 


Parameter Description 

A, Op amp open-loop gain as a function of frequency 

Ave Closed-loop gain of circuit in linear region of operation 

B Feedback ratio due to R, and R, 

D, to D, Diode bridge used to switch circuit from linear to limited 
R, Input resistor which establishes input resistance of circuit 
R, to R, Resistors which provide output current for diode bridge 
igi Resistor used to refer output of diode bridge to ground 

R, Feedback resistor 

He Resistor used to minimize effects of op amp input bias current 
Uq tO q Diode bridge voltages 

v; Input voltage to circuit 

Vo Output voltage of circuit 

V ,(sat,pos) Positive limited output voltage 

V ,(sat,neg) Negative limited output voltage 

Vie, Magnitude of positive reference voltage 


Vs Magnitude of negative reference voltage 
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DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Voltage gain of circuit in once Cameyn R 
linear region assuming ideal See las R, 
op amp and diode parameters 
2 Voltage gain of circuit in Pde —R,/R, 
linear region assuming finite PS ek VBA, 
op amp gain 
3 Positive limiting output voltage Vrik;R 
V,(sat,pos) = =——21-_ 4 ___ 
)= RR, + RR, + BR, 
4 Negative limiting output voltage —V,.R;-R 
V,(sat,neg) = =———_2_£ 4 ___ 
8) ~ BR, + RReee 
REFERENCE 


1. Tobey, G. E., J. G. Graeme, and L. P. Huelsman: “Operational Amplifiers — Design 
and Applications,” p. 247, McGraw-Hill Book Company, New York, 1971. 


Input- output Transfer 
Type waveforms function 
Vo 


Noninver ting- positive 


polarity selection vi 


a, 5 

vj 

Noninverting-negative 

polarity selection “4 


Inver ting-positive 
polarity selection 


Inver ting -negative 
polarity selection 


Fig. 16.3 Input-output waveforms and transfer functions of four basic precision half- 
wave rectifiers. 
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16.2 PRECISION HALF-WAVE RECTIFIER 


ALTERNATE NAMES Polarity selector, ideal half-wave rectifier, ideal diode, 
zero-bound circuit, precision AM detector, precision ac-dc converter, low- 
level ac-dc converter. 


EXPLANATION OF OPERATION This circuit comes in four basic configurations. 
Figure 16.3 shows pictorially the input-output relationship of these four 
basic circuits along with a plot of each transfer function. A precision half- 
wave rectifier performs very closely to the expected response of an ideal 
diode. Figure 16.4B shows the response expected if one could produce an 
ideal diode. The ideal diode possesses several advantages relative to the 
silicon diode. First, the ideal diode can rectify signals down to zero volts 
amplitude. Second, the forward-conduction region of an ideal diode is 
linear. 

In the inverting half-wave precision rectifier circuit shown in Fig. 16.5 
the two ideal properties discussed above can be approached with nearly 
zero error. The circuit will rectify low-level signals with peak voltages of 
only 0.7/A,. If A, = 1,000, precision linear rectification of a 0.7-mV signal is 
possible. 

The circuit operates by providing two gains. For one polarity of input, 
D, is reverse-biased and D, is forward-biased. Under these conditions the 
gain of the circuit is +R,/R, (+ for Fig. 16.6 and — for Fig. 16.5). If the oppo- 
site-polarity input is applied, D, is forward-biased and D, is reverse-biased. 
The gain of the circuit then becomes zero. The slope of the linear gain and 
the breakpoint are insensitive to temperature owing to the 1/A,, factor. 


(A) 


(B) 
Fig. 16.4 Typical V-I curve of a silicon diode (A) and an ideal diode (B). 


16-6 LIMITERS AND RECTIFIERS 


Figure 16.6 shows the circuit configuration for the noninverting precision 
half-wave rectifier. 

Several sources of error are possible in the circuits of Figs. 16.5 and 16.6. 
If the op amp output offset voltage approaches 0.7 V, D, or D, may begin to 
conduct. This will add a dc component to v, which may be falsely inter- 
preted as a rectified ac signal. The portion of this error voltage due to the op 
amp input offset voltage may be eliminated by adding a coupling capacitor 
in series with R,. This will cause the dc gain of the circuit to equal unity. 


Fig. 16.5 Inverting precision half-wave rectifier (solid lines for positive-polarity 
selection and dashed lines for negative-polarity selection). 


Fig. 16.6 Noninverting precision half-wave rectifier (solid lines for positive-polarity 
selection and dashed lines for negative-polarity selection). 
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Even though mid-band ac signals will be amplified by R,/R,, the input offset 
voltage will be multiplied by 1. If R, is made equal to R,, a further reduction 
in offset is possible by cancellation of the effects of each input bias current. 

Capacitor C, is added to the circuit if a dc output voltage proportional to 
the peak input voltage is required. The magnitude of this dc voltage is given 
Meas. 


DESIGN PARAMETERS 


Parameter Description 

A, Op amp open-loop gain (varies with frequency) 

ra Op amp dc open-loop gain 

Ave Closed-loop gain of circuit during linear-gain portion of cycle 

B Variable used in computations 

Ss Input isolation capacitor to reduce errors due to input offset voltage 

C, Feedback capacitor used to provide dc output instead of half-wave 
rectified ac 

DD, Provides an effective feedback resistance of zero ohms during portion 
of waveform when no output voltage is required 

D, Passes op amp output on to V, terminal during portion of waveform 


when undistorted output is required 


nee Modulating frequency of input carrier frequency f, 

= Carrier frequency of input waveform 

Fax Maximum frequency at which high-accuracy performance can be 
achieved 

oP Unity-gain frequency of the op amp (gain crossover frequency) 

I, Input bias current of op amp 

fe Input offset current of op amp 

R, Controls gain and input resistance of circuit 

R, Controls gain of circuit. R, also controls degree of filtering provided 
by C 

Ria Op amp differential input resistance 

R, Op amp output resistance 

R, Resistor used to minimize offset due to input bias current 

> Slew rate of op amp 

t. Reverse recovery time of diodes 

AV; : 

Bae: Fastest slew rate of input waveform 

0; Input voltage 

v; Input offset voltage of op amp 

Uo Output voltage 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Voltage gain of circuit if INVERTING 
solid diode connections . U, ae . 
pe = SI 0 = 
are used (C,= 0) ve, Rona: 
A,. = 0 if v; < 0 
NONINVERTING 
v R, . 
Ages 1+ 9 if e, = 


PNT TAneant 
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Eq. 


No. 


2 


10 


11 


12 
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Description 


Voltage gain of circuit if 
dashed diode connections 
are used (C,= 0) 


Input resistance 


Size of filter capacitor C, 


Magnitude of dc output 
voltage if C, utilized 


Maximum high-accuracy 
frequency of circuit 
(error < 1%) 


Required slew rate of op 
amp for a nonsinusoidal 
input waveform 


Required slew rate of op 
amp for sinusoidal input 


Maximum dc offset voltage 
at op amp output 


Voltage gain of circuit if 
op amp gain is considered 


Optimum value of R, 


Maximum diode reverse 
recovery time so that 
output waveform will not 
be distorted 


Equation 
INVERTING 
v R 
A, =~ =—— if vo, < 0 
vc 0; R, 1 
A, = 0 if v; > 0 
NONINVERTING 
v R; 
A,. =2=14+=— 
vC v; R, 
A, = 0 if vo; > 
INVERTING 
Rin = R, 
NONINVERTING 
Rin x As Ria 


if vo, < 0 


<C,< 


1 l 
2nf.R, 27fmRy 


INVERTING 


Vitad ae 0.45 eens) Ry 
1 


NONINVERTING 


V,(de) = 0.45 v4(rms)(1 + z) 


Snax > 100]A,,.| 
Av; 
S > lel so 


S = 2rf..|Ay.|v;(peak) 


= Ry 21, =fe ips 
V,,(off,max) = V.(1 “- ze) + OR, 


In Eqs. 1 and 2 replace 


R; ith R,A, 
Ry. ReaaaR 
IF C, USED 
Re = R; 
IF C, NOT USED 

__R,R, 

P diect Et, 
0.01 
Ue 
te 
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Eq. 
No. Description Equation 
13 Effective forward voltage 0.7 


drop of precision rectifier V-= 
(note that this increases 
with frequency as A, 
drops) 


A, 
(silicon diodes assumed) 


DESIGN PROCEDURE 


Precision rectifiers are often utilized to extract a modulation frequency 
fm from a carrier frequency f,. This is called AM demodulation. In the 
following design procedure we will assume such an application. Other 
applications, such as AGC detectors, require a consideration of the topics 
to be discussed below. The inverting circuit (Fig. 16.5) will be assumed. 


DESIGN STEPS 


Step 1. Choose R, so that it equals the required input resistance of the 
circuit. 

Step 2. Compute the maximum frequency fax at which high-accuracy 
performance can be expected: 


Erode 
Trans a 100)A,,.| 
Step 3. Compute the required slew rate of the op amp 
v,; = sinusoid: S > 27f,|A,,.|v;(peak) 
Av; 


v; = nonsinusoid: S > Axe 7) 


Step 4. Compute R,=A,,R,. 
Step 5. If filtering of the rectified output is not required, skip steps 5 
through 7 and do not install C;. Compute 


(fy 


Bigs 
27f.R, 


In this equation, B sets the ripple level of f. in v,. 
Step 7. Verify 


Step 6. Compute 


C; 


1 
 -Qarf.,R,B 


In this equation, B sets the degree of attenuation of f,, in v,. 

NOTE: C, was found by a compromise above. It must be large enough 
to keep the f. ripple low. However, it must be low enough so that the f,, 
modulation does not vanish. The above computation results in a geometric 
mean value for Cy. 


Cy 
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Step 8. Compute the size of R, required to minimize the effects of 
bias-current offset 


__RR; 
ites R,+ R, 
Step 9. Compute the dc output level for the median v;(rms) input. 


doe AOA 
1 


Polarity depends on the direction of D, and D,. 

Step 10. If a negative v, (filtered or unfiltered) is required, the solid 
diode connections shown in Fig. 16.5 are required. A positive output re- 
quires the dashed diode connections. The reverse recovery time t,, of the 
diodes must be less than 0.01/f, or the output waveform will be distorted. 

Step 11. Compute the dc output error caused by V,,, I,, and I;,. This 
will vary with temperature. 


21, ete 


V,(offset,max) = (A,,. + 1) V;,(max) + 
2R, 


Step 12. Examine the feedback stability of the circuit using the seven 
causes of instability outlined in Chap. 3. 

Step 13. If voltage-gain accuracy over temperature and power-supply 
variations. is important, determine the magnitude of closed-loop gain for 
different values of open-loop gain using 


oo aha. 
Rie 


DESIGN EXAMPLE Assume a demodulator design is required which will 
efficiently extract a low-frequency modulation from a 7-kHz carrier fre- 
quency. The upper frequency component of the modulation is 2 Hz. A 
positive output waveform is required, but the negative portion of the input 
waveform contains the required information. Therefore, an inverting 
circuit is used. 


Aye 


Tentative Circuit-Performance Requirements 
A,. = —3 
Rin = 2,000 0 
fm = 2-Hz sine wave 
f. = T-kHz sine wave 
v,(peak-to-peak) = 1 V 
v, (peak-to-peak) = 3 V 
Positive output with filtering 
Maximum offset without external offset adjustment = 0.5 V 


Op Amp Parameters (741) 
f, = 800 kHz 
Maximum 3 V (peak-to-peak) frequency = 100 kHz 
S(min) = 0.5 V/s 
V;,(max) = 6 mV 
I,,(max) = 0.5 wA 
I,(max) = 1.5 wA 
(open-loop) = 80° 
A, = 25,000 if Vi = +2 V to 250 kO if V = +20 V 
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Closed-loop bandwidth (normalized) = 1 at 25°C, 1.12 at —55°C, and 0.8 
at 125°C 


DESIGN STEPS 
Step 1 R,=R,,= 2,000 ©. 


Step 2 
eke REGS oh ithe 
fax = 100|A,.| > 100 x 3> 2667 Hz. 
Step 3 
S > 2nf.|A,.|v;(peak) = 6.28 x 7 x 10% x 3 x 0.5= 0.066 V/us 
Step 4 
R, = |A,,|R; = 3 X 2,000 = 6,000 2 
Step 5 
_ fe)" a Gwe 7 
B (z= =(-4=) =50.16 
Step 6 
<p eee 59.16 a 
C1 OTF R, 6.98 x 7,000 x 6,000 22 HF 
Step 7 
(ip Se a ERE ae 
 Onf,R,B 6.28 X 2x 6,000 x 59.16 
Step 8 
_ BR, _ 2,000 x 6,000 _ 
ee R, +R, 2,000+ 6,000 — ue 
Step 9 
V,(de) = +0.45 v,(rms) Ry _ 0.45 x 0.35 6,000 _ | 9 yo y 


R, 2,000 


Step 10 Appropriate D, and D, direction chosen for a positive output. 
The diode chosen is the IN191, which has a t,,. of 0.5 ws. This satisfies the 
requirement t,,. < 0.01/7,000 = 1.4 ws. Laboratory tests showed no distor- 
tion. 

Step 11 The maximum output offset is 
iii 

OR, 
2% 1.550107 +0:5 x 10% 
= =e See Se ee ee Se ee 
426 6 OO1Q-* + 2 x 6,000 24 mV 

Step 12 The 741 is internally compensated and has an open-loop 
phase margin of 80°. It is therefore unlikely that instability causes 1 or 2 
in Chap. 3 will be applicable. The other potential instability causes are 
now considered: 

3. The 741 has a maximum output resistance R, of 300 0 at 1 MHz. The 
capacitive load, in conjunction with R,, must not create a pole near gain 


AV, = (A, + 1) V;,(max) + 
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crossover — otherwise the 80° phase margin will be reduced. If the pole is 
set at least ten times higher than the gain crossover frequency, the phase 
margin will not be reduced more than 6°. The load capacitance which will 
reduce the phase margin from 80 to 74° is 
Ce ee ee 
L~ 97(10f,)R.  (6.28)107(300) 

More load capacitance than 53 pF could be allowed, since a phase margin of 
74° is still quite high. 

4. R, is so low that little phase lag of the feedback network is likely. In 
fact, with C, installed, the feedback network causes a lead in the loop gain. 
5. The resistance between the positive input and ground is 1500 2. 

6. Careful board layout is required — depending on the op amp pin loca- 
tions. 

7. Ceramic 0.l-wF capacitors between each power-supply terminal to 
ground are usually sufficient. Some op amps require much less than this. 

Step 13. The changes of dc closed-loop gain resulting from changes 
of dc open-loop gain are computed as follows: 
—R,A, —6,000 x 250,000 


AyclAgo = 250 k; dc) cag REASCOH: = 2.000 x 250,000 + 6,000 = 2.99996 


—6,000 x 25,000 __ 
A Ay = LOsk > dc) = 2,000 X 25,000 + 6,000 = 2.9996 


The closed-loop gain changes only 0.01 percent from a 90 percent reduction 
of open-loop gain. 
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Chapter 1 7 


Logarithmic Circuits 


INTRODUCTION 


Logarithmic and antilogarithmic amplifiers are basic building blocks for 
many nonlinear circuits. They are also intrinsically useful by themselves as 
analog compressors and expanders. In this chapter we will first discuss, in 
detail, a high-precision-low-drift log amplifier. Second, design details 
will be systematically presented for an antilog amplifier. 

Log and antilog amplifiers are mathematical inverses of each other. Their 
principal usefulness is in applications such as multipliers, dividers, and 
square-root circuits. We will discuss some of these more complex applica- 
tions in Chap. 19. 


17.1 DIFFERENTIAL LOGARITHMIC AMPLIFIER 


ALTERNATE NAMES Log ratio circuit, log amplifier, log converter, data com- 
pressor, log subtracting circuit. 


EXPLANATION OF OPERATION The differential log amplifier shown in Fig. 17.1 
provides several useful types of transfer functions. Since it has differential 
inputs and adjustable gain, transfer functions of the following forms are pos- 


sible: 


t, = K log, 0; 
0, = K. log, = = K log, v, — K log, v. 
2 


be K log, (—) = OGD 
v2 

where K = gain of circuit 

a = base of logarithm, which can be set at e, 10, or any other useful 

number 

There is really only one constant in the above equations, since logarithms of 
different bases are related to each other by aconstant. For example, the rela- 
tionship between logarithms to the bases 10 and e is 


logo _ 9 4343 
log.x 
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To simplify the following discussion, we will therefore work exclusively with 
natural logarithms (base e = 2.71828). 

In:Fig. 17. lif we assume R;=R:, R; = Ry, Re — Re Ro — Rin han eee 
R,3 = Ry, the transfer function of the circuit is 


Aous of Patri are fe (eum) 
qQ(Rig + Rr) Ray V_/Rg 


Resistor Ry is a device having a positive linear temperature coefficient (a 
silicon resistor). It is used to cancel the T in the transfer function. Other- 


Rig Ry 


Fig. 17.1 A differential-input logarithmic amplifier with adjustable gain and logarithm 
base. 
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~ wise v, would vary linearly with temperature. T is the temperature in de- 
grees Kelvin (273 K = 0°C). 

Several other design tricks will keep this circuit from drifting with tem- 
perature. Transistors Q,; and Q, should be a matched pair of devices on one 
chip. Ideally they should be gain-regulated such as the wA726 temperature- 
controlled differential pair (Fairchild). This device has active temperature- 
regulating circuitry on the same chip as the matched pair so that external 
temperature sources have no effect on transistor parameters. A, and A, 
should also be a matched pair of op amps. Perhaps A, to A, could be a high- 
quality quad set of op amps on one chip. 

This circuit is designed only for positive input voltages. Diodes D, to D, 
clamp the outputs of A, and A, to zero if negative input voltages are acciden- 
tally applied. The output v,, however, can swing positive or negative as 
shown in the plotted transfer function (Fig. 17.2). 


+10 


Measured 


= eS 


Vo, volts 


Deviation resulting if Rig 


tem On" 0.1 1 10 
Vi-V2, volts 


Fig. 17.2 Transfer function of the differential log amplifier. 


Feedback stability of A, and A, is controlled with Rg, Ryo, C;, and Cz. Selec- 
tion of these parts is quite difficult, since stability depends on the feedback 
factor, and the feedback factor depends on the input voltages v, and v,. Ex- 
perience has shown that the following equations provide reasonable values 
for these four components: 

v3(max) — 0.7 
v,(max)/R, + v3(max)/Ry, 
pee be 
Tf uRo 


A tolerance of +20 percent is sufficient for these parts. 


Ry = Ry = 


C,=C,= 
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DESIGN PARAMETERS 


Parameter Description 
A Apparent resistance of R, at 0 K (—273°C) 
A,, Ag Differential-input log amplifiers 

A; Summing differential amplifier 

A Temperature-compensating circuit 


» 


They Yaw 
ss 
SO 


Ra, to Re 
fl 

d & 

Vo 

U5 

U, to vy 

Av, to Av, 

Vio to Vio 


AV,,; to AVios 


Slope of R, as a function of temperature 

Current gain of Q, and Q, 

Feedback-stabilizing capacitors 

Diodes used to clamp A, and A, if a negative input voltage is acciden- 
tally applied to v, or v, 

Fractional error in transfer function 

Frequency of open-loop unity gain (A, and A,) 

Input bias current of A, and A, 

Change of input bias current of A, and A, 

Boltzmann’s constant = 1.380 x 107” J/K 

Electronic charge = 1.60 x 10719 C 

Transistors which provide logarithmic characteristics to circuit 

Resistors to compensate for bulk-resistance effects of Q, and Q, at 
high levels 

Part of diode clamp circuits 

Gain-determining resistors 

Feedback-compensating resistors 

Gain-determining resistors of differential summing amplifier A, 

Determines gain of temperature-compensating circuit 

A, and A, input offset adjustment to trim circuit at v, = 0 

Effective collector-emitter resistance of Q, and Q, 

Positive-temperature-coefficient resistor 

Temperature in kelvins (0 K = —273°C) 

Power-supply voltages 

Circuit output voltage 

Circuit input voltages 

Measurement errors in Uv, OF U, 

Input offset voltages of A, and A, 

Change in input offset voltages of A, and A, 


DESIGN EQUATIONS 


Description 


Equation 


1 Output-circuit voltage 


assuming R, = R,, R; = Ry, feos 
R; = R,, R, = Ryo, Ry, = Ry, - q(Rie a R7)Ry 


kTR,.R,3 Te (2) 
U»/Rg 


and Ri, = Ry, 


2 Error in measurement of v, 


due to A, input errors (im- 


Ao, ==+V,, + Reliy 


portant at low v, levels) 


3 Error in measurement of v, 


Av, = +Ving + Reloe 


due to A, input errors (im- 


portant at low v, levels) 


NOTE: The above two errors can be mostly can- 
celed out at one temperature with the R,, potenti- 
ometers. If A, and A, have identical parameter 
drifts with temperature, Av, and Av, will cancel 
over temperature 
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Eq. 
No. 


14 


15 


16 


MG 
18 


19 


20 


21 


Description 


Required relationship among 
R,, R;, and R, to cancel the 
effects of bulk resistance in 
QO, (important at high v, 
levels) 


Required relationship among 
R,, R,, and R, to cancel the 
effects of bulk resistance in 
Q, (important at high v, 
levels) 


Approximate dynamic range 
possible for v, input (assum- 
ing no cancellation of errors 
in Aj) 


Approximate dynamic range 
possible for v, input (assum- 
ing no cancellation of errors 
in A,) 


Resistor values R,, R, 


R; 


Equation 


o(max) _ ___ATE*R,/qRqi(min) 
v,(min)  AV,,,(max) + R, AI,,(max) 


ex(max) __KTE*Ry/gRgx(min) 
v,(min) AV,,9(max) + R, AlI;,.(max) 


he Ros 100 
SOS i a 

° Rei (min) : 
ee Pahigs 9 

petit WEPOTIS TB tri 


R, = R, = 10 kO 


_ AVioi/AT 


tae Be aT HAT 


(kT/ q)In(v,/ v2)(max) 
[v,(max)/R,] ra [kT In(v,/v,)(max)/qR,; ] 
(assume T = 300 K) 

R,, = Ry. = 10 kN 


R, = Ry = 


qv,(max) 
kT \n(v,/v,)(max) 


(assume T = 300 K) 


Ry <i Ri, < R,, 


= qv,(max) a 
ag ae ea Hata tae 
(assume T = 300 K) 

R 
eg 
(+) 
ies aw BLATT 


~ 100 V,,:(max) 
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Eq. 
No. Description Equation 


22 Resistance of positive- 


temperature-coefficient R, ~A+BT 
device 
23 Capacitor values: C,, C, C= Ci ans 
24 Bulk resistance of Q, Rete =e 
25 Bulk resistance of Q, he ae 


DESIGN PROCEDURE 


Many complicating factors must be considered to design a high-quality log 
amplifier. We will assume that linearity is the most important parameter and 
let the other parameters be controlled by physical limitations imposed by the 
design equations. 


DESIGN STEPS 


Step 1. If A, and A, are identical op amps, R,; and R, are determined 
from Eq. 12. 

Step 2. Calculate the minimum expected bulk resistances of Q, and Q, 
using Eqs. 24 and 25. 

Step 3. Compute values for R, and R, using Eqs. 8, 9, and 10 and the 
results of steps 1 and 2. 

Step 4. Let R,,=R,,=10kQ. Determine values for R, and R,, using 
| Os Pes SY 

Step 5. Compute values for R,; and R,, from Eq. 15. 

Step 6. The resistance of most positive-coefficient temperature-sensitive 
resistors (silicon resistors) can be described by the form shown in Eq. 22. If 
the temperature could be extended down to 0 K (—273°C), its resistance would 
theoretically be A. The slope of resistance as a function of temperature is B. 
Use these numbers to compute R,,; and R,, using Eqs. 16 and 17. 

Step 7. Calculate values for C, and C, using Eq. 23. 

Step 8. Calculate approximate values for R,, to R,, using Eqs. 18 to 21. 


EXAMPLE OF LOG-AMPLIFIER DESIGN Suppose we wish to precondition analog 
data before they are applied to an analog-to-digital converter. Our goal is 
to keep the A/D error small by compressing the input voltage (which encom- 
passes four orders of magnitude) into +10 V (slightly more than 1 order of 
magnitude). The A/D converter accepts voltages from —10 to +10 V. The 
input voltage to the log amplifier ranges from 0.001 to 10 V. The output 
voltage is to be zero when the input voltage is 0.1 V. The required transfer 
function, along with test data from a circuit designed with the following steps, 
is shown in Fig. 17.2. 


Design Requirements 
pmax) =e 1O.V 
v,;(min) = 107-3 V 
v,(max) = 10 V 
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Vv, = 0.1 V (fixed) 
Vee —F15 V 
Device Data 
AV,,1 = AVing =+0.3 mV (0 to +75°C) 
V,.;(max) = 1 mV 
Al, = Al,. = 2 nA 


7 =) 10° Hz 
R, = 500 2 at 300 K 
A =—730 0 
B=4.1 Q/K 


B = 150(max), 100 at I.(max) 
Step 1. R, and R, must be approximately 
AY kd be 0s 


Step 2. The minimum bulk resistances of Q; and Q, are 
kTR, 
qv,(max) B[at I,(max) ] 


(1.38% 10°" J/K)@TS K)1 5 x 10° 0 
(1.6 x 10779 C)(10 V)(100) 


Rg,(min) = Rg.(min) = 


= 3.53 0 
Step 3. From Eq. 8: R,; =R,=10Q. Equations 9 and 10 provide 
op eR on eek A en 
rac fet Rg,(min) Zo 3.53 AU 
= 495 ko 


Step 4. We let R,,=R,,=10 kM as recommended. R, and R,, are 
found from 
(kT/q)|n(v,/v,)(max) 
[v,(max)/R; ] = kL In(v,/v,)(max)/qR,,] 


[(1.38 x 10~8)(300)/1.6 x 10719]In(10/0.1) 


(10/1.5 x 10°) — [(1.38 x 10-*8)(300)In(10/0.1)/(1.6 x 10719)104] 
= 2,176 0 


Step 5. R,; and R,, are now found: 


_ y ae” 
R,, = Ry, = Ry, laa In(v,/v,)(max) 


1.6 x 10-9 x 10 
1.38 X 10-8(300)In(10/0.1) 


Step 6. Equation 16 gives us R,;: 


RL __qv,(max) __ 1/2 
elad rartereerel 


1/2 
~ 108 | = 91.6 kn 


= (4,1)(300) L610"? X10 i. 


1.38 x 107*3(300)In(10/0.1 


= 11.3 kO (during test this resistor is trimmed so that v, = 10 when 
vo, = 10) 
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Equation 17 provides: R,, = —A = —(—730) = 730 © 
Step 7. Capacitor values are 
rok 5 Yh pears, ae 
wf,R, 710° X 2,176 
Step 8. R,, to Ry) are determined using Eqs. 18 to 21: 
R,, 2 10 R,= 10 (150 kQ) = 1.5 MO 


C,=C, ~ ~ 146 pF 


Hie Au. 2X = 150 kO 
R= Aig OO = 1,500 0 
Re one 

= jo0(i0-> ~ 225 #0 
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17.2 ANTILOGARITHMIC AMPLIFIER 


ALTERNATENAMES Antilog amplifier, inverse-log amplifier, antilog con- 
verter, data expander, exponential amplifier. 


EXPLANATION OF OPERATION This circuit is merely a modification of the log 
circuit described in the last section. The antilog function is implemented in 
Fig. 17.3 by changing the connections to Q, and Q, in the log circuit of Fig. 
esl 

The relationship between input and output voltages in this circuit is 


v, = D exp (—Ev,) 
R;Va(Rz + Rg) 
R,R, 


a q(Rr + Rs) 
kT(R, +R, + R:) 


The D term is equal to the required output voltage when the input voltage 
is zero. 

The R; and R, terms in E establish the dynamic range of the antilog am- 
plifier. For a given +v,(max) input range, the total number of decades ex- 
cursion of v, increases as E increases in magnitude. The maximum input 
voltage range +v,(max) is controlled mainly by the R,/(R,+ R,) ratio. In 
some applications this ratio can be made quite large, so +v,(max) may be 
many tens or hundreds of volts, if required. The resistor R; must have a posi- 
tive temperature coefficient to cancel the T term in Eq. 1 (see Design Equa- 
tions). 

The emitter saturation currents I;, and Ig. will have no effect on v, if they 
track over temperature. If they are not equal, they merely affect D (see 


where D = 


Co 
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Ra 
R ‘ = 
Ve © 
4 
Ve 
R 5 
Re 


! 


Fig. 17.3 Antilog amplifier formed by changing the input and feedback circuits of 
Pig, 2%1; 


Measured 


Vo, volts 
oO 


+5 +10 
vy , volts 


Fig. 17.4 Response of an antilog amplifier using component values computed in the 
example. 
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Eqs. 1 and 2); however, they still should be selected so their ratio remains 
constant over temperature. 

The dynamic range of v, is limited by Vy, In, Vio, Ip, and I;. of both op amps. 
In practice, only three or four decades of dynamic range is possible without 
going to expensive op amps and complex temperature-compensating circuits. 


DESIGN PARAMETERS 


Parameter Description 

A Apparent resistance of Rr at 0 K (—273°C) 

A, to A, Nonlinear amplifiers 

As Buffer to extend output-voltage range 

B Slope of R,; as a function of temperature 

Camo.Cs Feedback-stabilizing capacitors 

D Output voltage when v; = 0 

E Determines dynamic range of circuit 

I, Op amp input bias current (A, to A,) 

lio Op amp input offset current (A, to A,) 

ips Equivalent rms input noise current of an op amp (A, to A.) 
k Boltzmann’s constant = 1.380 x 10-73 J/K 

N Number of decades response of circuit on either side of v, = D 
q Electronic charge = 1.60 x 10719 C 

O; to,0, Transistors used to provide nonlinear transfer function 
R; Sets reference current into A, 

R, to R; Part of temperature-compensation circuit 

RoR. Provides feedback stability 

R; Establishes gain of A, circuit 

Re Cancels effect of I, in A, 

R, to Rg Establishes gain of A; buffer stage 

Rr Provides temperature compensation 

cL Temperature in kelvins (0°C = 273 K) 

Uo Circuit output voltage 

D; Circuit input voltage 

Ve Voltage at emitters of QO, to Q, 

Vio Input offset voltage of an op amp 

Vo Equivalent rms input voltage noise of an op amp 

Vr Reference voltage 


DESIGN EQUATIONS 


1 Circuit output voltage 


2 Voltage at junction of transistor 


Description Equation 


Uy = D exp(—Ev,) 
R;V2(Rz + Rg) 
R,R, 
mn q(Rr + Rs) 
kT(R;7 + R,+ Rs) 
ie v(Rr+ Rs) _ kT la Gee 
"Rp +-Rs Rs q Voli Ry 


where D = 


ie 


emitters 


3 Rr, R2, and R; required to provide 
*N decades response of v, about 
D (nominal v,) 


R,+ R; = kKTN In 10 
Rr+R,+R3  q|v,(max)| 
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Eq. 
No. Description Equation 
4 Resistor values, R, R, = 108 (chosen such that it does not 
load down Vp) 
bash R, = (Rr + Rs) | eae ~ 1| 
(T = 300 K) 
6 R; R,;=—A 
R, R,= 10 kQ 
8 Rs, Re R, = Re = ae 
9 Capacitor C, C, = 100 pF 
10 Resistance of R,; as a function R,=A+ BT 


of temperature 


DESIGN PROCEDURE 


This antilog amplifier will provide the best performance over temperature 
if the transistors are a single-chip matched set. The op amps should be high- 
quality devices with low V,,, I,, Vi,, I,, and I;,. Offset-adjustment terminals 
would also be a desirable feature. Resistor R; provides most of the tempera- 
ture compensation if R, > R,;. The circuit is trimmed for v, = D when v, = 0 
using R,. Likewise, v,(max) is trimmed when 1p, is fully negative using Ry. 


DESIGN STEPS 


Step 1. The temperature characteristics of R; must first be obtained. 
Most positive temperature-sensitive resistors (silicon resistors) can be de- 
scribed by the relationship shown in Eq. 10. The apparent resistance of R; 
at 0 Kis A. The slope of resistance as a function of temperature is B. Use 
A to determine R; using Eq. 6. (Note that A is a negative number, so R; will 
be positive.) 

Step 2. Calculate a value for R, using Eq. 5. 

Step 3. Calculate values for R, and R, using Eq. 8. 


EXAMPLE OF AN ANTILOG-AMPLIFIER DESIGN The three design steps will be 
numerically illustrated through the design of an antilog amplifier which is 
the inverse of the log amplifier designed in Sec. 17.1. This circuit will 
produce v, = +10-? V if v,; = +10 V and v, = +10 V ifv,; =—10 V. If v, = zero, 
v, should be 0.1 V, which is the geometric center of 10~* V and 10 V. 


Design Requirements 
D=0.1 V (output when v, = 0) 
N = 2 (+ decades response on either side of D) 
+v,(max) = +10 V 
V, = +5,00 V 
Device Data 
A =—730 © 


B=4.1 O/K 
R, = 500 2 at 300 K 
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Step 1. Resistor R, is simply 
R3; = —A = — (—730) = 730 0 
Step 2. R, is calculated from 


a R,)| deamenl b 1| 


kTN In 10 
Le 1.6 x 10-9(10) | nt 
ea 730)| 1.38 x 10-*°(300)2 In 10 1 | = 102 KO 
Step 3. R; and R, are found from 
6 
Fae ee a ea er (9) 
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Chapter 1 8 


Modulators 


INTRODUCTION 


We will present systematized design information on three types of modu- 
lators in this chapter. Each of these modulators requires a corresponding 
demodulator, detector, discriminator, or decoder at the other end of the sys- 
tem to restore the information to its original form. These other circuits are 
discussed in Chaps. 7, 8, 14, and 16. 

The first circuit we present will be the amplitude modulator— sometimes 
called the linear modulator. This circuit is similar in function to that used by 
AM broadcast stations to superimpose an audio signal on a high-frequency 
carrier signal. Multipliers, discussed in Chap. 19, can also be used for AM 
modulation. 

Frequency modulation, or voltage-to-frequency conversion, is covered in 
Chap. 21. 

The second circuit to be presented is the pulse-amplitude modulator. This 
is similar to the amplitude modulator except that the circuit is optimized for 
pulse-handling efficiency. The last circuit will be a pulse-width modulator. 
This is a good modulator to use in digital systems which operate at fixed pulse 
voltages. It is also quite useful in high-power systems such as motor drives 
and switching power supplies. 


18.1 AMPLITUDE MODULATOR 


ALTERNATE NAMES AM modulator, linear modulator, linear amplitude 
modulator. 


EXPLANATION OF OPERATION The carrier frequency is applied to the v, termi- 
nal as shown in Fig. 18.1. The modulation input, at a lower frequency than 
v., is applied to v,,. An inverted replica of v,, appears at v,. Its amplitude 
and offset are controlled by R, and R,. The offset adjustment R, controls the 
modulation depth. The amplitude adjustment R, determines the final peak- 
to-peak amplitude of v,. 

On positive v, cycles, switches S, and S, are tumed on. In this state they 
look like a resistor (R,,) of 50 to 500 0, depending on the type of CMOS 
switch chosen. During this same time, switches S, and S, are off. In the off 
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state these devices look like a resistor (Rog) of many megohms. On negative 
v, cycles just the opposite occurs: S, and S, are off and S, and S; are on. 

Chopped versions of v, appear at v, and v;. Figure 18.2 shows that v, and 
v, are chopped on opposite half cycles of v... The amplitudes of v, and v, are 
smaller than v, depending on the size of the R,/(R, + Rg) and R,,/(R; + Ry) 
ratios. Voltage waveform v, is then inverted to create v,. Waveforms v3 and 
v, are combined in the summing amplifier A,. Figure 18.2 shows the final 
v, result. The peak-to-peak magnitude of v, can again be adjusted using 
R,>, if required. 

The only significant error source in this circuit is the magnitudes of Roy 
and Ror relative to Rg, R;, Rg, and R,,. For example, when S, is off and S, is 
on, the voltage at v, should be zero. Instead, it is approximately v,(off) ~ 
v,Ron/ Rog. Conversely, when S, is on and S, is off, the voltage at v, should 
be exactly R,/(R,+R,). In this case switch errors give us v,(on) ~ 0; R¢/(Ron + 
R,+R,). If R, is small, the error is significant. The errors at v; are similar in 
nature and are listed in the design equations. 


ue Oa eae depth adj 


(+) s (=) 
We Ony, 
VR 
Peak-to-peak amplitude adj. 
R; Sale. p Pp J 


Ro 


+5) VO ay, 
O O 
R, 
©) 
mO Re S; Vo Reg 0 
{ 
q CD4016 
© 
—— v 


=o 


V 


4 


In 


Se 
| 
+ CD4016 


Rio 
Out 
C) 
Out 
S4 
vee + CD4016 
9 In 
—— O S 
in| +CD4016 lout 
O48 © OVo 


Fig. 18.1 A precision amplitude modulator which uses CMOS switches. 
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Fig. 18.2 Voltage waveforms at various locations in Fig. 18.1. A sawtooth modulation 
waveform is assumed. 


DESIGN PARAMETERS 


Parameter 


5 

Rg, Rg to Ryo 
ve) Ry 

R,> 

ica: Roe 


Rin 
SetOro, 
U5 

Av, 

v, to v4 
Ve, 0; 


Description 


Buffer amplifier which sets modulation depth and system gain 
Comparator used to invert v, 

Amplifier used to invert v, 

Summing amplifier used to combine v; and v, 

Input bias current of A, 

Common value for R, to R,, 

Determines system gain for v,, 

Sets modulation depth 

Limits current into A, 

Establishes magnitude of negative portion of output waveform 
Establishes magnitude of positive portion of output waveform 
Can be used in conjunction with R, to adjust system gain 

S, to S, on and off resistances 

Input resistance seen by v,, input 

CMOS switches 

Circuit output-voltage waveform 

DC offset in v, caused by A, 

Voltage waveforms as shown in Figs. 18.1 and 18.2 

Carrier input voltage and its inverse 
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Parameter Description 

Om Modulation input voltage 

Vy Most negative value of V, 

V> Most positive value of V, 

Ve Reference voltage used to adjust modulation depth 
iv Power-supply voltages 


ie 


DESIGN EQUATIONS 


No. Description Equation 


1 Output voltage v, when S, eee A 
is on and S, is off vo(—) = R,,(Rg + Rs) a re 
(neglecting switch errors 
and op amp errors) 


2 Output voltage v, when S, 
is on and S, is off 
(neglecting switch errors 
and op amp errors) 


R2Ri:2 (Fn +78) 


Ua) Sore Ra ee Rs 


3 Peak-to-peak output voltage eee “eR GH aloe Oe eae 
v, when switch errors are Mo ~ (RR MR + Roe) eR Ren ee 
included 

4 Voltage v, as a function of ep fre Vr 
UV, and V, ee eon Reef 

: 2 Rv, 

5 Voltage v, while S, is on =P oR, 
and S, is off 6 8 

6 Voltage v, while S, is on hay OP 
and S, is off a KR. + hy, 

i Voltage v, 4 = TU 

R, 
8 Voltage v, 0, =—R & + | 
: Rio Ry 
9 Resistor values R, R, 2 Rj, required 
| = (2) 
10 it. R= BUY le ons RU Mas ee whichever 
[Om max R| max 
is smaller 
11 oe Hee Re R,=R,=R, 
12 Re R, = zero to 100 kQ (use manufacturer's 
recommendation for A,) 
13 R, to Ry, R=R,=R,= R,= Ry= Ry = Ry, = (Ron Roe)” 
15 Output offset due to I, Av, = Ing Rie 


DESIGN PROCEDURE 


We assume all op amps are operating from the same V™ supplies. Ifa larger 
output is required, all stages or perhaps only A, can be connected to higher- 
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voltage supplies. Fewer power supplies are required if the comparator 
(A,), the four switches, and the three op amps can use the same voltages. 


DESIGN STEPS 


Step 1. Choose a comparator, switches, and op amps which utilize the 
same supply voltages. The + supply voltages must be at least 2 V higher 
than the + peak values expected at v,. 

Step 2. Choose R, to be greater than or equal to the minimum allowed 
input resistance at v,,. 

Step 3. Choose a range of values for Vz which is slightly larger than the 
expected positive and negative peaks of v,,. Set V, and Vy equal to the two 
limits of this range. 

Step 4. Use Eqs. 11 and 12 to obtain values for R;, R,, and R;. Resistor 
R, is usually between | and 5 kO, but the comparator (A,) specification sheet 
should be consulted. 

Step 5. Solve both portions of Eq. 10 to determine an optimum value 
for R,. Let R, be less than the smaller value calculated. 

Step 6. Use the CMOS switch specification to estimate R,, and Rog, 
for these particular values of V“, v,(max), and +v,. Calculate values for 
R, through R,, using Eq. 13. 

Step 7. Rearrange Eq. 1 as follows to compute a value for R,, (let 
R=R,= R, = R, = R,)): 
iin. 4 R R, v,(peak) 

” 3 R, v,,(peak) 


To rearrange this equation, we assumed the nominal value for V, would 
be v,,/2. 

If R,, is too large, the bias current of A, will cause an output offset. Calcu- 
late this offset using Av, = I,, Ry. If the offset is more than can be tolerated, 
decrease R,, until a satisfactory offset is achieved. This change will lower 
the overall circuit gain, so an opposite change to the circuit transfer function 
must be made elsewhere. The best option is to lower all the R resistors by 
the same magnitude that R,, was lowered. This will slightly increase switch- 
ing errors, but this is usually of less concern than a dc offset in v,. 

Step 8. Solve Eqs. 1 and 2 to make sure the correct positive and negative 
peak output voltages will be achieved. 
Step 9. Solve Eq. 3 to determine the worst-case expected errors in v,. 


EXAMPLE OF ANAM MODULATOR DESIGN Suppose we wish to modulate a 2-kHz 
carrier with transponder information between 3 and 100 Hz. The modulation 
signal has a maximum peak-to-peak amplitude of 4 V. The modulated car- 
rier is required to have a peak-to-peak amplitude of 6 V. 


Design Requirements 
Um= +2 V centered on zero 
U, = +3 V centered on zero 
VE) 4-5. V 
Fa 0,000, 0 
Av,(max) = +0.1 V 


Device Data (425°C) 


R,, = 580 0 
Rog = 4 X 108 0 (125-nA leakage with 5 V) 
I,, = 500 nA (out of device, since this op amp has a PNP input stage) 
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Step 1. We choose one-fourth of an LM339 quad comparator for Ao. 
This device works quite well from supply voltages of +5 V. Ifa+5-V v, is not 
available, the other three sections of the comparator can be utilized to square 
up and level shift the carrier input to the proper waveform. The 4016 quad 
CMOS switch is used for S, through S,. Three sections of the LM324 quad 
op amp are utilized for A,, A;, and A,. Both these devices also operate fairly 
efficiently from +5 V. Slightly better performance can be achieved in switch 
performance using +10 V, however. 

Step 2. We will let R;, = R, =10kQ. This satisfies the 5-kQ minimum 
input resistance. 

Step 3. We will let V; = +5 V and V, =—5 V so that the same supply 
voltages can be used. This means, of course, that the +5 V must now be regu- 
lated. Otherwise, the depth of modulation (percent modulation) will vary 
with supply voltage. 

Step 4. Equation 11 provides us with R, = R, = R, = 10 kQ. For the 
LM339 comparator we can let R; = zero. 

Step 5. The two portions of Eq. 10 are computed as follows: 


=) I | 
lv,,| max 
10*.(5 — 2) 
Peas 
< 15,000 0 
R,[|V™| — 2] 
Also, Aon SAL ees 
104 (5 — 2) 
<< SS. 
5 
< 6,000 0 


We therefore let R, = 5,000 1. 

Step 6. The common value for R, through R,, is R = (RoRog)!? = 
482, kQ. 

Step 7. A value for R,, is found from 

_ ARR, v,(peak) _ 4(482,000)104(3) 

 3R, v, (peak) 3(5,000) 2 
This resistance seems quite high, so we now calculate the dc offset in v, due 
to A, input bias current: 


, = In4Ri2 = (—5 X 10-7) 1.928 x 10° =—0.965 V 


This is about ten times too large, so we make the following resistor changes 
(these changes will lower Av, to 0.0964 V): 


R,, = 193 kN 
R= Re= Rz= Rg= Ro= Ryo = Ri, = 48 ko 


R = 1.928 MQ 


Step 8. Asa double check on our calculations above, we put values into 
Eqs. 1 and 2 to find the peak-to-peak v, (assume V; = v,,(peak)/2) 


v,(—-) = —R.R Rip [eatpent 1 ealpest)| 
: R, (Rg + Rg) R, Bag ae 


_ —5,000(48,000)193,000 f 2 yoo bacen 
~ 48,000(48,000 + 48,000) ir 2(104) va ee eer 
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R,Ri» [Paper 7 ape | 
finer Fa, ne 2K; 


_ 5,000(193,000) [2 ee all 
~ 48,000 + 48,000 oe 1 as Sr hea 


These peak voltages can be trimmed if R, or R,, is made adjustable. 

Step 9. The peak-to-peak output voltage with switch errors accounted 
for is now calculated using Eq. 3: 

FRR Rott | Sateen) 
(R 2 Ron)(R a R ore) ae RR oer 
* +5,000(193,000) 4 x 108 Fra 9 
(48,000 + 580)(48,000 + 4 x 108) + 48,000(4 x 108) [104 = 2(104) 

= +2.997334 


Even though the R resistors had to be lowered by a factor of 10, the switch 
errors cause only an 18.2-mV error (3.015625 — 2.997334). 


oh) = 


peas i eae | 


R, 2 R, 


REFERENCES 
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18.2 PULSE-AMPLITUDE MODULATOR 


ALTERNATE NAMES  Pulse-height modulator, PAM, analog gate, gated ampli- 
fier, single-channel multiplexer, sampling gate. 


EXPLANATION OF OPERATION This circuit is quite similar to the amplitude 
modulator in the previous section. In this case, however, a unipolar output 
is required; so the circuit is about 50 percent the size of Fig. 18.1. The 
pulses are applied to v, and the modulation waveform drives the circuit at 
Um». For the circuit shown in Fig. 18.3, v. must cross through zero. Ifa logic 
circuit such as a TTL device is driving v,, the + input of A, should be biased 
to+1.4 V. The object, of course, is to switch A, on and off so that 6, (an in- 
verted v,.) appears at its output. 

The modulation input v,, can be centered about zero, or it can be exclu- 
sively positive or negative. The modulation depth adjustment R, is used to 
place v, at the correct bias point. 

Each time v, goes high, S; turns on and S, turns off. During this time the 
voltage at v, is v,R,/(R; + R,). In between pulses, when v, is low, S, is off 
and S, is on. During this time the voltage at v, is very small (~v,Ron/Rore). 
The voltage at v, is inverted with a magnitude of v, = —v.R7/Re¢. 


DESIGN PARAMETERS 


Parameter Description 

A, Amplifier which controls the modulation gain and the depth of modulation 
A, Comparator used to invert v, 

As Buffer amplifier used to provide a low circuit output resistance and a con- 


stant load resistance to the switch circuit 
pe Input bias current of A, 
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Parameter Description 


R,toR, Controls modulation gain 

R,toR, Controls modulation range 

Re This resistor, along with R,, must be much larger than R,, so that switch 
errors are minimized 

R,toR, Along with R,, these resistors control the gain of A; 

Reiter On and off resistances of S, and S, 


Sos CMOS switches 
Das De Input carrier voltage (pulse train to be modulated) 
Om Modulation waveform used to control height of output pulses 
Vic Negative reference voltage 
V> Positive reference voltage 
Vr Reference voltage at wiper of R, 
v, Output voltage from input buffer 
Vo Output voltage from switches 
D> Circuit output pulse train 
Av Offset in output voltage due to input bias current of A, 
Ra 
Vp O 0 Vn 
VR 
Rs 
Ro 
R> 
R, 
Vn @ Rs S Vp Re 
e CMOS 
: switch 
O Vo 
Ve O 
yo) = 
Fig. 18.3 A pulse-amplitude modulator. 
DESIGN EQUATIONS 
Eq. 
No. Description Equation 
1 Output voltage v, when S, is on v,(on) = Para ‘= + ma 
and S, is off (neglecting switch 5 oie 3 
errors and op amp errors) 
2 Output voltage v, when S, is on v,(on) = RRpRog [(Om/ Ry) + (Vel Rs)] 


and S, is off (switch errors (Rs + Ron)(Re + Ror) + Re Rost 


included) 
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Eq. 
No. Description Equation 
3 Output voltage v, when S, is off v, (off) = Ge UeniR lt Vale 
and S, is on (due to switch errors 5 on)(Re + Ror) + ReRon 
only) 
4 Output offset due to I,, Av, = Ing Ry 
V 
5 Voltage v v,=—R. toe) 
g 1 1 2 R; R,; 
ReRot, 


6 Voltage v, while S, is on and S, 


See ee es a 
is off (switch errors included) (Rs + Ron)(Re + Rote) + ReRor 


Ym oO 


V4 


Vo 


O 
Fig. 18.4 Waveforms of the pulse-amplitude modulator. 
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18.3  PULSE-WIDTH MODULATOR 


ALTERNATE NAMES Voltage-to-pulse-width converter, two-state amplifier, 
switching-mode amplifier, pulse-duration modulator, PWM circuit. 
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Ry 
yit) 
©) 
y(+) 
@ 
R, Ro v 
Vp O Rs 
£\ 
—— Vv Re Reg 
Vp O y 
= ce O Vo 
Va 27 
R 
7 
(+) Rs 
@ 


VO) 


m 


Fig. 18.5 A pulse-width modulator utilizing two comparators (A, and A;) and an 
integrator (A,). 


vy 


< 


Vo To To 


Fig. 18.6 Waveforms at various locations in the pulse-width modulator. 
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EXPLANATION OF OPERATION Pulse-width modulation is used in a variety 
of applications where highly accurate and efficient control of power is re- 
quired. PWM techniques are widely used in power supplies, motor controls, 
and even some hi-fi amplifiers. The circuit shown in Fig. 18.5 performs 
pulse-width modulation with two comparators (A, and A,) and an integrator 
(A,). A sine wave or a rectangular waveform with 30 to 70 percent duty 
cycle is applied to v,. A, changes the v, input to a 50 percent duty cycle 
square wave using its high open-loop gain along with an appropriate choice 
for Vp. Rectangular-input waveforms must have approximately 50 percent 
duty factor. Voltage waveform v, is integrated with A, to form a precise 
triangular waveform at v, (see Fig. 18.6). 

The modulation input v,, is compared with the triangular waveform v, in 
the A; comparator. Whenever the triangular waveform is larger than v,,, 
v, is low. If v,, is larger, v, is high. The output-voltage pulse width is pre- 
nee proportional to v,, from pulse widths of 0 to 100 percent of the period 
of vp. 


Ree 
Soe 


Raz 2k R4=5k a ae 
2.0 
15 
wn 
E 
° 
be 
10 
0.5 
2 3 
Vm, volts 


Fig. 18.7 Response of a typical PWM with various values of R,. It is assumed that 
R, = 1,0000, R, = 10 kN, C= 0.1 wF, and f= 500 Hz. 


High accuracy and low drift require a good integrator (A,). The compara- 
tors contribute little to the system errors. 

For the sake of economy and compactness this design assumes operation 
from one positive power supply. The comparators can be in acommon pack- 
age or even one-half of a quad comparator chip. The op amp, however, 
must not drift, so it should be of good quality. 

The feedback resistor R, is required to minimize A, drift. It must be small 
enough to prevent drift yet large enough so that it does not destroy the lin- 
earity of the modulator. Figure 18.7 shows the effect of this resistor on 
linearity. 
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DESIGN PARAMETERS 


Parameter 


A, Az 


Eq. 
No. 


Description 


Standard open-collector comparators 

Op amp with high-quality input characteristics 

Integration capacitor 

Input carrier frequency 

Pulse-width modulation (modulator) 

Provides comparator input protection if needed 

Pull-up resistors for open-collector outputs of comparators 

Integration resistor 

Provides sufficient dc feedback to stabilize A, gain to keep integrator 
in linear region 

Biases A, with a voltage equal to the average value of v,. This part is 
used to place v2 in the linear region of A, 

Output pulse width 

Output-voltage waveform 

Integrator input-voltage waveform 

Integrator output-voltage waveform 

Bias voltage for A, 

Lower limit of integrator output waveform (this is set equal to the 
lowest expected v,, input) 

Modulation input voltage —ranges from V, to V, 

Pulse or carrier input 

Switching point for A, (typically +1.4 V) 

Voltage v, during saturation of A, output transistor 

Upper limit of integrator output waveform (this is set equal to the 
highest expected v,, input) 

Power-supply voltages 


DESIGN EQUATIONS 


Description Equation 


Un Vy 


Output pulse width as a eo TVG 


function of v,, 


(where V, and V, are adjusted to put entire v, 
in linear range of A, using R;) 


t[V~ — V,] 


Integrator output v, during v, pV ye 
on time assuming R,C > C(R, + Rs) 
(Ro + R3)C 


Integrator output v, during v, Dae Hrs at aes 
off time assuming R,C > R3C ; 


(Vsat — Va) 


Required nominal V, V, ~ v, (average) if R, < R, 
Beale eoeeleaenae iepeal) oen = 7 
eak-to-peak triangle v,(peak-to-peak) ~ 4f,CR, = v,,(max) — v,,(min) 


magnitude at integrator output 


Resistor values, R, R,=0 to 100 kOQ (depending on maximum 


Rg, R, 


allowable input currents and voltages for A,) 


R, = R, = 500 to 5,000 2 [should be <« R, yet 
not so small that A, pulls excessive V~ 
current] 
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Eq. 
No. Description Equation 
8 R, Bibl vw 
3 4f,C[.v,,(max) — v,,(min)] 
9 R, R,= 2(R, + R;) 
10 R,; R,= 1 to 10 kQ 
Ten, to BR; R,=R,=R, 
12 Feedback capacitor size C = 0.01 to 1 wF (see step 3 of Design 
Procedure) 


DESIGN PROCEDURE 


To simplify the calculations for this circuit, we have abbreviated many of the 
design equations. This procedure will provide a first-cut set of resistor 
values. Resistor R, should be adjustable as shown in Fig. 18.5 to trim the 
integrator range of operation. Otherwise the circuit has few problems and 
is easily designed. 


DESIGN STEPS 


Step 1. Select a value for V‘’ which is equal to the required v, pulse 
height. This supply voltage should be at least 3 V higher than the expected 
Ve 

Step 2. Select values for R,, R,, Rg, R;, and R, according to the types 
of comparators picked for A, and A. If the data sheet provides no recom- 
mendation, let all these resistors equal 2,000 ©. 

Step 3. Select a capacitor C using the following “rough” selection 
guide: 


iprp eh. Ci pk 
1-10 10 
10-100 1 
100-1,000 rt 
1,000- 10,000 0.01 


Step 4. Calculate a value for R; using Eq. 8. If R; is not at least ten 
times larger than R,, either of the following can be done: 

1. Lower R, until R, = 10R,. Be careful that the new R, does not cause 
excessive output current to flow in A, during the v, low state. 

2. Raise R, until R, = 10R,. Capacitor C must be lowered so that Eq. 8 
is still satisfied. 

Step 5. Find values for R, and R, using Eqs. 9 and 10. 


EXAMPLE OF A PULSE-WIDTH-MODULATOR DESIGN As a numerical illustration, 
we will design a pulse-width modulator which operates at 2 kHz. The 10-V 
output pulse should vary from zero width to 0.5-ms width as the modulation 
signal varies from 3 to 6 V. 


Design Requirements 
T, = 0, corresponding to v,, = 3 V 
T, = 500 us, corresponding to v,, = 6 V 
fp = 2,000 Hz 
v,(peak) = 15 V 
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Device Data 
Veat(A,) = 0.3 V (measured) 


Step 1. With a v,(peak) = 15-V requirement, we choose V = 15 V. 

Step 2. The LM339 quad comparator is chosen for A, and A;. This 
device can sink a maximum of 20 mA into its output terminal through R, or 
R,. If we want to keep power consumption down, suppose we let the cur- 
rent through R, and R, be 5 mA. This fixes the resistor values at R, = Rg = 
15 V/5 mA = 3,000 0. Application notes for this device indicate that no input 
resistor is required. However, to prevent loading of A, v,, and v,,, we will 
let R, = R, = R, = 2,000 ©. 

Step 3. In accordance with the proposed “rough” selection guide, we 
will let C= 0.01 pF. 

Step 4. We now use Eq. 8 to find R;: 


se Vo 
~ AF,C[v,,(max) — v,,(min)] 


15 
~ 4(2,000)10-8(6 — 3) _ Sok 


This is much larger than ten times R,, so no recalculation is necessary. 
Step 5. Resistor R, is found from 


R, = 2(R, + R3;) = 2(3,000 + 62,500) = 65.5 kO 
We will choose a value of 10 kO for R;. 


R; 


REFERENCE 
1. Schmid, H.: Digital Meters for Under $100, Electronics, Nov. 28, 1966, p. 88. 
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Multipliers and Dividers 


INTRODUCTION 


Multiplication and division of two or more analog quantities can be imple- 
mented with a variety of methods. Traditionally, the most popular approach 
has been to use a log amplifier in conjunction with an antilog amplifier. 
These two circuits can also be used to generate nearly any fractional ex- 
ponent either below or above 1. At the cost of four op amps and two differ- 
ential amplifiers both multiplication and division can be simultaneously 
provided with the log-antilog circuit. We will discuss the log-antilog multi- 
plier/divider in Sec. 19.2. 

Section 19.1 will provide design information on the voltage-controlled 
FET multiplier. This is probably the simplest and most easily implemented 
multiplier in the literature. Satisfactory performance can be achieved with 
this circuit only after the FET transfer characteristics are made linear. This 
is done with proper biasing and local feedback around the FET. 


19.1 FET-CONTROLLED MULTIPLIER 


ALTERNATE NAMES Voltage-controlled amplifier, analog multiplier, linear 
multiplier. 


EXPLANATION OF OPERATION Field-effect transistors make nearly ideal volt- 
age-controlled resistors. Their range of operation, however, is limited by 
several constraints which must be understood before their utility can be fully 
exploited. Field-effect transistors have a voltage-controlled drain-to-source 
resistance of Rp; = V2/Ipss|v. — 2V,|. We will let Rp; be the drain-to-source 
resistance of both Q, and Q,, since they are identical devices at the same 
temperature and use the same v,. 

The output of the A, stage in Fig. 19.1 is 


a v1R2Rio 

(R, + R2)Ros 
But R,; depends on the control voltage v,._ This control voltage depends on 
v, and V,. For proper circuit operation V, must be positive and v, can range 


from zero to a specified negative limit. These polarities must be observed. 
The current through Rpg is identical to the current through R, since A, draws 


1 a 
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insignificant current. The control voltage v, will force Rps to the correct 
resistance so that these currents are equal. Since the inverting input of A, 
tries to remain at ground potential (because of feedback), we can draw the 
following conclusion: 


t,— 0 
Igo = Bos 
The voltage divider R, to R, provides us with 
pee at 
* R,+ R, 
Combining these two equations gives 
R4RoVp 
|v,| (Rg + Ry) 
QO, and Q, must be a matched pair ona single chip such as the 2N5196. The 
control voltage v, drives the gates of both Q, and Q,. This guarantees that 


Rps: = Rpso. The final result for v, is found by substituting the Rp, expression 
into the v, expression: 


O'= 4, 
Ry 


Rps = 


Byc v,|v2|R,Ri(R; + Ry) 


Uo 
VrR4R,(R, + Ry) 


If we allow R, = R;, R, = Ry, and R, = Rj, the above equation reduces to 


D,|0 
9, =< — tale 
Ve 
Cy 
Rio 
Vv 
R, V5 Q, O%o 
v, O : 
R, —— 
R3 
Ve v , 
( >0) Vo 
Rog 
Vo O 


( <0) == 


Fig. 19.1 A linear multiplier which utilizes the voltage-controlled resistance property 
of field-effect transistors. 
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This circuit can even be used as a divider by allowing Vp to be an input 
variable. However, the available range for V, is only several volts, which 
makes this option inadvisable. Also, if one attempts to drive the R, to Rpg to 
R, circuit backward by letting V, be negative and v, positive, a lock-up condi- 
tion will occur. The A, circuit has positive feedback in this situation. Sup- 
pose the inverting input of A, is a few microvolts more positive than ground. 
This will drive uv, negative, which causes Rps to increase. This causes the 
A, inverting input to go more positive. In several microseconds (or less) 
v. is driven to the negative saturation voltage of A,. This causes Rps,. and 
Rpys, to lock up at maximum resistance. The same thing occurs if the A, in- 
verting terminal starts out several microvolts negative. A, quickly goes to 
positive saturation. We conclude that the polarities noted in Fig. 19.1 must 
be observed. 

This circuit will exhibit less than 5 percent distortion only if the following 
are considered: 

1. R, must be larger than Rp,(min). 

2. The voltages at v, and v, must always be less than +1 V. 

3. The control voltage v, must operate only in the range from zero down 
to 2V,,. 

4, FETs with large V, are used. Note, however, that A, must be able to 
drive v. down to 2V,,. 

5. Rps(min) must be at least 100 times larger than R, or R, so that Rpg 
does not load the R, to R, and R,; to R, dividers. This will cause an error 
which varies according to the magnitude of v,. 


DESIGN PARAMETERS 


Parameter Description 
Ga,.G. Capacitors required if A, or A, tend to be unstable (~ 100 to 500 pF) 
FET Field-effect transistor 
Deck The drain-to-source current of an FET if V,,=0 and Vp; =5 or 10 V 
To, ler Drain-to-source current through Q, or Q, 
- Current through R, 
eee OA Field-effect transistors 
R, to R, Input attenuators 
R, to R, FET biasing and feedback resistors 
Reto: R,, Determines overall gain of circuit 
Fine Drain-to-source resistance of an FET ata specified gate-to-source voltage 
Rei, Rer Generator resistances for V, and Vz 
D, tO U4, Ve Voltages as noted in Fig. 19.1 
V; FET pinch-off voltage (where Rp; approaches infinity) 
Ve Reference input voltage 
vo Positive and negative supply voltages 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
Bava tae tale | v,|v2|ReRio(R3 + Ra) 
i Output voltage of circuit v, = VaR R,(R, = Re) R.R,(R, + R,) 
3 Ao v,|v2| 
PA Output voltage of circuit if R, = Rs, Oy = Tart 
R 


R, = R,, Ry = Rio 


eee ee ——EeEeEeeeeeee 
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Eq. 
No. Description Equation 
Vi 
3 Rpg as a function of control Rps = Eelesoval 
voltage v, pss|Ve P 
V, 
4 Minimum value for Rpg if non- Rps(min) = au 
linearity is to be minimized DSS 
5 Maximum recommended value for Rps(max) = 10Rp.(min) 
Ros 
6 Minimum and maximum recom- lo.| = SEAT ea 
mended |v,| DES : 
NOTE: Use the minimum and maximum 
Rps from Eqs. 4 and 5 
Optimum range for v, v, range = 2V,, to zero 
Resistor values R,, R, R, = R; > 100 R,, or 100 Rez (which- 
ever is larger) 
Rys(min) 
9 Hey Hy R, = R, < TT y'3 
10 Hoehic. Peele R, = R, = R, =R, > 1,000 R, 
Olio (Re Roe 
Maen AeR Ry = Ryy = Colmes (Ri + Re) IVo 


2103 aay Rglpss 


DESIGN PROCEDURE 


The design of this circuit begins by choosing a good-quality matched FET 
pair with a high V,. The op amp A, must be able to swing to a negative out- 
put voltage twice the value of V,. 


DESIGN STEPS 


Step 1. Choose a single-chip set for QO, and Q,2 which track Ipss and V, 
over temperature. A high value for V, is also desirable. Choose good- 
quality op amps for A; and A, which will drive v, more negative than 2V, 
with several volts margin. Let the + power supplies be compatible with 
+v,(max) and 2V, with several volts margin. 

Step 2. Compute R,,.(min) from Eq. 4. Choose a common value for 
R, and R, which is less than 1 percent of Rp,(min). Choose a common value 
for R, and R, which is at least 100 times larger than R,, or Rep. 

Step 3. Calculate a nominal value for R, through R, using Eq. 10. 

Step 4. Compute values for R, and R,, using Eq. 11. 

Step 5. Determine the allowable range of v. from Eqs. 4, 5, and 6. 


EXAMPLE OF MULTIPLIER DESIGN This circuit is a simple multiplier, and as 
would be expected, it has several limitations which should be recognized. 
Both v, and v, have definite limits over which linearity of v, = —v,|v.|/Vp 
can be expected. We will assume for this example that Q, and Q, are a 
2N5196 dual-FET device and the op amp outputs can drive +15 V. 
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Design Requirements 


U, = —U,|0,|/5 
+p,(max) = +5 V 
Vy = +15 V 


v, range = +5 V 
Vr =+5.00 V regulated 


ae Data 
V, (0,,0,)=—3 V eee 
Tnss (Q1,Q2) = 0.85 mA 9N5196 


Step 1. Dual-FET specification sheets do not usually specify the de- 
gree of matching and tracking over temperature of Ip,, and V,. Fairly good 
results can be achieved if the dual device is on a single chip and has guaran- 
teed tracking of 5 or 10 wV/°C for differential gate-source voltage. This is 
often the only parameter specified over temperature. For this example we 
choose the 2N5196 dual FET which has a specified pinch-off voltage of 
—0.7 to —4 V. The device tested in this example measured —3 V for both 
Q, and Q,. The maximum required drive from A, is 2V, = 2(—3) =—6 V. 
We will use the 747 op amp for this application. The power supplies will be 
+15 V so that the maximum v, = +5 V can be achieved. 

Step 2. The minimum Ros is 


[Vol _ 3 


Qncs 2X 0.85 X 103 eee 


Rps(min) = 


The common value for R, and R, must be 


igiBo 


We will use 17.4-0 precision resistors. 

Assume the source resistances for v, and v, are 50 2. We should make 
R, = R; 2 100(50) = 5,000 © at least. We will use 5,110- precision re- 
sistors. 

Step 3. With Eq. 10 we get 


R; = Rg= R,;= Rg 2 1,000 R2 = 1,000(17.4) = 17.4 kO 


We will use 100-k resistors. 
Step 4. R, and R,, are found with Eq. 11: 


|Oolmax(R, sf R,)|V,| 
2|0, |maxftel pss 
5(5,110 + 17.4)3 


= 3(5)17.4(8.5 x 107) 7 20k 


Ry = Ry = 


Step 5. We first compute the minimum and maximum allowable Rpg 


from Eqs. 4 and 5: 

Ate 3 

OT ace.) -2.0.802% 107°) 
Rys(max) = 10Rps(min) = 10(1,765) = 17,650 


Rps(min) = = 1,765 Q 


The range of allowable v, values is now determined with the help of Eq. 6: 
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V,R,R, _ __5(17.4)520,000 
Rps(max)(R; + R,)  17,650(5,110 + 17.4) 
Ve RyRo 
Rps(min)(Rz + Ry) 
_ _5(17.4)520,000 5V 
~ 1,765(5,110 + 17.4) 
Figure 19.2 shows the response of a circuit built according to the above 


calculations. The worst-case linearity error was 4.4 percent of full-scale 
output. 


1@olmin TES 


= 0.50 V 


U,(max) = 


5 
4 
oe 2 
na Z 
S a 
S » 
2 NU 
1 aN 
Ny 
a na ho) +4 +5 
V1, volts 


Fig. 19.2 Measured transfer function of multiplier shown in Fig. 19.1 built according 
to the design steps. 
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19.2 LOG-ANTILOG MULTIPLIER/DIVIDER 


ALTERNATE NAMES Analog multiplier, analog divider, analog multiplier/ 
divider, one-quadrant multiplier/divider. 


EXPLANATION OF OPERATION Although operation is restricted to the first 
quadrant (for v,, U,, 03, and v,), this circuit is extremely useful in a variety of 
applications. Linearity errors of less than 1 percent can be achieved if input 
offsets of A,, A,, and A, are properly handled. This minimal error is possible 
over two to three decades of input voltages. 

The circuits of A,, A,, and A, are single-ended log amplifiers. Two of these 
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circuits are utilized in the log ratio circuit shown in Fig. 17.1. Note that 
QO, and Q, are effectively connected in series. This results in addition of 
logarithms or, in other words, multiplication of v, and v,. The output from 
A, and A, drives the A, antilog circuit and thereby produces the product of 
D, and 0, at v,. 

The output from A, is treated differently. This voltage subtracts current 
from Q,. Subtraction of logarithmic quantities results in division. The 
final result is 

01> 
Vo z 

The foregoing remarks will now be treated in mathematical terminology. 
Each output voltage from the three log amplifiers is equal to the emitter-base 
voltage of the transistor in its feedback loop. The following can be stated: 


i ae n ue = VERY 
q Riles: 

en = In we = —~Upre 
q RyTese 

yee n “3 = —UBE3 
q Rglrs3 


The bases of Q, and Q, are at ground potential (through 10). Starting 
at the base of Q,, we trace the following voltage loop: 


Upe1 + Upge — Uses — Uses = 9 
Transistor QO, has the following voltage-current relationship: 
UpErs ~ _ es In ales 
q Agless 
If this equation and the other equations for emitter-base voltages are substi- 
tuted into the voltage-loop equation, we get 
_ kt meee kt Vo kt oo kt ee 

q Riles: Rylpso = Rsless Ayling, 

Ped dee, = I ecg = Ipg, and a, = 1, this reduces to 


= 0 


v, U2 U3 
eck ein eet ba See 
In R, In R, + In R, n ine 
i U,0,R, 

or In Ic, = In RG 
Taking the antilog of each side, 

lL.,= Oye, _R; 

ee beet 0e so 


the output voltage v, is related to I, by v, = I¢4R,). The output voltage now 
becomes 


nek V,0, R3Rio 
tondtin Altehs 
If we let R, = R, — et a Rio, 
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The circuit of Fig. 19.3 can be easily converted into a square-root circuit. 
If v, is connected to v, and v, = 1 V, 


Ry 
vy O 

Ro 
Vo O 

R3 
Va'© 


v,(1 
0, = oi(1) or 0, = v}!? 
v 
oO 
100 K 
0 -15V 
1000 
IN4148 Y 
Ra a: Rio 


] 


Cee 


(3 Q, 
O Vy 
Re 
Ri 
IN4I48 VY 
Re = si te 


: IN4I48 YZ 
Re — 


= Q,-Q, are a matched pair 


Note: 
Q,-Q> are a matched pair 


Fig. 19.3 A multiplier/divider which uses three log amplifiers and an antilog amplifier. 


DESIGN PARAMETERS 


Parameter 


A, to A; 


Ag 


a4 
B, to B, 
G; to C, 


Tia to Tas 


Ie4 
Ips, to Iggy 


Description 


Log-amplifier-circuit op amps 
Antilog-amplifier-circuit op amp 
Common-base current gain of Q, 
Common-emitter current gains of Q, to Q, 
Capacitors required for feedback stability 
Unity-gain crossover frequency of A, to A 
Collector current of Q, 

Emitter saturation currents of Q, to Q, 


Parameter 


~) 


oro 


Q, to Q; 
QO, 
R, to R, 


Roto A, RR; 
R, to R, 
10 


Rg, to Rs, 
fk 


UV, tO U5 
Vari to Vang 


io 
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Description 


Input offset current of A,, A,, or Ag 

Boltzmann’s constant = 1.38 x 10~*3 J/K 

Electronic charge = 1.6 X 10719 C 

Transistors used in log amplifiers 

Transistor used in antilog amplifier 

Resistors used to determine gain of input stages and to provide a high 
input resistance 

Compensates for input bias currents of A, to A, 

Utilized to provide feedback stability in A, to A, circuits 

Determines overall gain of circuit along with R, to R, 

Input resistance of any input 

Source resistances of v; to v3 sources 

Temperature in kelvins (273 K =0°C) 

Voltages as noted in Fig. 19.3 

Base-to-emitter voltages of QO, to Q, 

Input offset voltage of A;, Az, or A; 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
R,R 
1 Output voltage of circuit as a functionof  v,= bs RR 
the three input voltages ale 
kt 
2 Output voltages of three log amplifiers vo, =——lIn 
q Riles; 
kt v. 
v, =——In=~ 
; q Rolese 
kt v 
v,=—— | 3 
; q Rl pss 
3 Output voltage of antilog amplifier as a te = 1, iise 
function of its input current 
where I,,= 2% Ry 
= v; R,R, 
4 Resistor values R,, R,, R,; R, = R, = R,; = R,, required for 
each input 


5 =R, 
R; 

Rg 
SR; 
Fah, 
1090.-R; 
a ea ae 


NOTE: The source resistance must 
be at least 1,000 times smaller 
than each input resistor 


R,= R, 
R, = R, 
R,=R,; 
jie (kt/q) In v,(max) 


~~ [v,(max)/R,] — [v,(max)/R, By] 


“ (kt/q) In v2(max) 
[v2(max)/Re | Rd [vo(max)/Rio] 
is (kt/q) In v3(max) 
9 — [vs(max)/R3] — [v,(max)/R,B,] 
ee R, R,v,(max) 
gd R,(v, v2/v3)(max) 
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er 


Eq. 
No. Description Equation 
12 Ri Ran 
13 Capacitor values C C. = I 
; Tr. wi, 
Vine Ce 
‘ ‘ Tyg 
15 C Cites ! 
; 7. ual 


DESIGN PROCEDURE 


We assume limits have already been placed on the magnitudes of 0, v2, U3, 
and v,. Next we choose good-quality op amps which have low input offsets 
and stability in the unity-gain configuration. The matched transistor sets 
Q,, QO, and Q,, Q, should have no more than 10 wV/°C differential vg, tempera- 
ture coefficient. 


DESIGN STEPS 


Step 1. Choose values for R,, R,, and R, which are at least 100 or 1,000 
times larger than the source resistances of v,, v,, and v;. Also let R,= R,, 
R, = R,, and R, = By. 

Step 2. Choose good-quality op amps for A, through A,. The input off- 
set currents should be less than v,(min)/R,, v,(min)/R,, or v,(min)/R;. Like- 
wise, the input offset voltages should be smaller than v,(min), v,(min), or 
v;(min). 

Step 3. Use Eq. 11 to determine a value for Ry. Set Ry, = Ryo. 

Step 4. Nominal values for R,, Rg, and R, are found using Eqs. 8, 9, 
and 10. Any resistor within +20 percent of the computed value will be 
sufficient. 

Step 5. Compute nominal values for C,, C,, and C, using Eqs. 13, 14, 
and 15. Again, +20 percent tolerances are satisfactory. 


EXAMPLE OF MULTIPLIER/DIVIDER DESIGN Let us assume a compact multi- 
plier/divider is required using a quad op amp such as the 324. The inputs 
must range from 10 mV to 5 V, and v, must not exceed 10 V. 


Design Requirements 
v, = 10 mV to 10 V 
v,=10mVto5 V 
v,=10mVto5 V 
v,=10mVto5 V 


Device Data (Room Temperature) 
V,.= 7mV maximum 
I,, = 50 nA maximum 
Rs, = Rsz = Rs3 < 100 0 
B, = B, = B; = B, = 100 
Fits = fro = fig = 10° Hz 


Step 1. Given the source resistances of 100 0, we choose R, = R, = 
R, = 1,000 R,;, = 103(100) = 100 kQ. ~We also let R, = R, = R, = 100 kQ. 
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Step 2. All three inputs are identical, so we compute 


v,(min) _ 0.01 

R, 10° 

This current is only twice the value of I,,(max), so v,(min) = 10 mV is truly 
a minimum. The maximum input offset voltage is 7 mV. This is also large 


enough so that v,, v,, or vz will not produce accurate results below 10 mV. 
Step 3. Ry and R,, are computed from 


= 100 nA 


“i __ R,R,v,(max) 
ere ena 
10° x 16° x 10 
Fin Wien F 100 kO 
Step 4. Nominal values for R,, R,, and R, are 
R. = (kt/q) In v,(max) -s {1.38 < 10-*4%300)/1.6 x 10-*] In 5 
fe [v,(max)/R,] as [v.(max)/R; B.| (5/10) — (5/10® x 100) 
= 833 0 
We will use R, = 1 kf. 


mn (kt/q) In v,(max) 
Rs [v,(max)/R,] + [v,(max)/R,o] 


[1.38 x 10-*3(300)/1.6 x 10719] In 5 


5 STOTT TRE AN eed A 
We will use R, = 300 2. 
he (kt/q) In v3(max) 
9 [v3(max)/R3] — [v,(max)/Rjo Ba] 
—23 —19 
_ [1.38 x 10-*4(300)/1.6 x 10-¥] In 5 _ geo 


(5/10°) — (10/10° x 100) 


We will use R, = 1 kf. 
Step 5. The feedback-stability capacitors C,, C,, and C, are now com- 
puted: 


1 1 


Slee Ton eae sii aaeee a 
We will use C, = 330 pF. 
l 1 
Sim aco 
We will use C, = 1,000 pF. 
- : = 318 pF 


Cs ~ TF OR, (109109 
We will use C, = 330 pF. 
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Chapter 20 
Multivibrators 


INTRODUCTION 


Many circuit functions which are ordinarily performed with digital micro- 
circuits can also be performed with op amp circuits. Three of these digital- 
type functions will be discussed in this chapter. The astable multivibrator, 
or free-running rectangular-waveform generator, will be discussed first. 
This will be a generalized circuit which produces nonsymmetrical wave- 
forms where both amplitude and time symmetry can be individually selected. 
The bistable multivibrator, commonly known as the flip-flop, will also be 
described in detail. Lastly, the monostable multivibrator, often called the 
one-shot or single-shot, will be presented. This last circuit will also con- 
tain a detailed example showing numerical results of the design steps. 

These circuits are implemented much more easily (and require less space) 
with digital microcircuits. However, op amps provide a much wider selecta- 
ble range of circuit parameters. The upper and lower amplitudes in digital 
microcircuits are usually fixed at +5 and ground or —12 and ground, etc. Op 
amp circuits provide the possibility of using any upper and lower amplitude 
which falls within the range of +20 V. Longer time constants are also possi- 
ble using op amps with high input impedances. 


20.1 ASTABLE MULTIVIBRATOR 


ALTERNATE NAMES Free-running square-wave generator, rectangular-wave- 
form generator, square-wave generator. 


EXPLANATION OF OPERATION The circuit shown in Fig. 20.1 generates a 
rectangular waveform with selectable positive and negative pulse widths. 
There are effectively three circuits in Fig. 20.1: (1) an integrator composed 
of C and R,(or R,), (2) a comparator, performed by the op amp, and (3) a latch 
composed of the positive-feedback network R, and R; in conjunction with 
the op amp. 

Circuit operation is as follows: Assume v, has just switched to +V,,. At 
this instant v, is at a voltage of —BV,, and v, has just switched to+BV,.. The 
positive feedback through R, causes v, to be more positive than v,, so the op 
amp remains locked in this state. Meanwhile, the positive v, causes a current 
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to flow through D, and R, which charges C. The voltage across the capacitor 
increases according to 


1 = (BVz1 + Vez — Vo) [1 — exp(— ral ave 


When this voltage rises to just slightly above +BVz., the op amp switches 
states and v, drops to—V,,. Simultaneously, v, drops to—BV;,. The negative 


Fig. 20.1 Nonsymmetrical astable multivibrator. 


output voltage begins to discharge C through R, and D,. During this period 
the capacitor voltage follows 


t 

0, = (V2, + BV zs — Vp) ex = ew —V 
1 z1 + BVz2 D p R,C (Vay p) 
When v, decreases to slightly below —BV,,, the op amp switches states and 
the cycle repeats itself. Diodes D, and D, therefore allow totally different 


positive and negative pulse durations. 


DESIGN PARAMETERS 


Parameter Description 

B Voltage feedback ratio due to R, and R, 

C Capacitor used to determine durations of T, and T, 
D, Diode which conducts during T, 

D; Diode which conducts during T, 

I, Op amp input bias current 

R, Resistor used to determine duration of T, 

R, Resistor used to determine duration of T, 

R, Resistor used to control zener current 

R,, R; Network for positive feedback 


T; Positive pulse duration 


ASTABLE MULTIVIBRATOR 20-3 


Parameter Description 
Te Negative pulse duration 
v; Voltage across C 
Vo Voltage at op amp noninverting terminal 
v, Output voltage of circuit 
pa Breakdown voltage of Z, plus the forward breakdown voltage of Z, 
rs Breakdown voltage of Z, plus the forward breakdown voltage of Z, during 
time when v, is positive 
Lele Zener diodes used to establish positive and negative limits of output 
waveform 
+Vz2 
Ty T2 
Vo 
=v 31 
+ Vz2-VbD 
+ BVz2 Pein fe +Vz2-Vp 


Fig. 20.2 Waveforms at various locations in Fig. 20.1. 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Duration of T, (in seconds) ING can ae a 
ne 
where B = R, + R, 
2 Duration of T, (in seconds) Peers Bac are = 
. . _ Oe ah 
3) Frequency of oscillation f= T +, 


EEE 
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Eq. 
No. Description Equation 
4 Duty cycle D= Rese tT 
Rit Rei le 
5 Maximum size for R, R < V2 
1 Ih: 
6 Maximum size for R, a Var 
2 i 
REFERENCE 
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20.2 BISTABLE MULTIVIBRATOR 


ALTERNATE NAMES Flip-flop, bipolar flip-flop, bistable flip-flop. one-bit 
memory, binary counter. 


EXPLANATION OF OPERATION The flip-flop possesses two completely stable 
output states. A transition from one state to the other, or vice versa, occurs 
only upon the arrival of a trigger pulse. In the circuit of Fig. 20.3, two 


+Vref 


Fig. 20.3 Bistable multivibrator with separate R and S trigger inputs. 


separate trigger-pulse inputs are utilized. This type of flip-flop is commonly 
called the R-S flip-flop. A trigger pulse at the S input sets the output to a 
high state, and a trigger pulse at the R input resets the output to a low state. 
These input triggers do not need to be pulses, since dc coupling is used 
throughout the circuit. In effect, the circuit is a dual-input level detector 
with hysteresis (see Chap. 5). 

Operation of the circuit is as follows: Assume that the output voltage v, 
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is in the low state, —V,,. Also assume the S and R inputs are zero. The 


voltage at the op amp noninverting terminal v, is equal to Bv, where B = 
R,/(R, + R,). Thus 


—R3Vz1 
R, + R, 


If the R input is zero, the voltage at v, is 


v,(low) = 


If v, > v,, the op amp output will remain locked in the low state. 
If a pulse (or any other waveform) is impressed on S with an amplitude 
sufficient to drive v, > v,, the op amp output will switch to the high state of 


Uo = Viz2 


The voltage at v, will likewise change to a steady-state value of v,(high) = 
R,Vz./(R; + R,). During the time that v, is present, a fraction of v, equal to 
v,R,/(Rs + R,) will be superimposed on v,. This is shown in Fig. 20.4. 

If a signal is impressed on R having a sufficient amplitude such that v; > ve, 
the op amp output will switch (or reset) to the low state. As shown in Fig. 
20.4, if the set pulse is of a longer duration than the reset pulse, v, may 
immediately switch back to the high state upon removal of the reset pulse. 
This will occur if v, > v, after the termination of the reset pulse. 

This circuit can also operate with only one trigger input. Either the S or 
R input can be used as the single-input trigger terminal. For example, if 


Trip level 
parents? 2OT 


Vs 


ee 


Fig. 20.4 Output of flip-flop for various waveforms at the R and S input terminals. 
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the S input is to be used, the R input would be grounded. A set trigger 
would need to have characteristics as described above. A reset trigger 
pulse, however, would be a negative pulse on the S input. The reset pulse 
must be more negative than 


 — VeetRe(Ry + Ry) RaVes 
ie RAR RR) R, 
It is worth noting that if the R input is grounded, the circuit operation is 
identical to the noninverting level detector with hysteresis (see Sec. 5.4). 


If the S input is grounded, operation is identical to the inverting level de- 
tector with hysteresis. 


DESIGN PARAMETERS 


Parameter Description 
B Voltage feedback ratio of R,; and R, 
R Reset input terminal 
R,, R, Voltage divider used to establish trip level 
R;, Rg Voltage divider used to establish hysteresis (positive feedback) 
R, Resistor used to control zener-diode current 
S Set input terminal 
Vo Output voltage 
v; Voltage at op amp inverting terminal 
Vo Voltage at op amp noninverting terminal 
Ving Reference-voltage source used to establish trip level of circuit 
Ve; Breakdown voltage of Z, plus forward breakdown voltage of Z, 
oe Breakdown voltage of Z, plus forward breakdown voltage of Z, 
RS & Zener diodes which determine magnitudes of output high and low 
states 
DESIGN EQUATIONS 
Eq. 
No. Description Equation 


1 Magnitude of high-state 


output voltage v (high) = Vz» 


2 Magnitude of low-state output 


voltage v, (low) meres 
: R; Vz+R 
3 Magnitude of v, during high v,(high) = oe 
° ° Fi 3 = R, 
state (assuming S input is 
present) 

4 Magnitude of v, during low Lee —R, Vz, + Ry vs 
state (assuming S input is : R, + R, 
present) 

4 An R, Viet R, OR 
5 Magnitude of v, v= Ee RoR 
6 Size of negative pulse required to pGareena eS VrerR(Rz + Ry)  RsVze 


reset circuit using S input R,(R, + R.) R, 
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20.3 MONOSTABLE MULTIVIBRATOR 
ALTERNATE NAMES One-shot, single-shot, triggered pulse generator. 


EXPLANATION OF OPERATION In the standby condition, the circuit output 
voltage is positive with a magnitude of V,,._ v, is held at a fraction B of this 
positive voltage owing to the R, to R, voltage divider. Likewise, v, is held 
at V, (~0.6) V by the forward breakdown voltage of D,. By making BV,,. > Vp, 
the circuit is stable with the op amp positive input slightly more positive than 
the op amp negative input. 

When a negative trigger pulse appears at v,, it is amplified by the op amp. 
Positive feedback through R; and R, makes v, even more negative. The op 
amp then locks up with the output equal to—V;,,. v, is locked up at —BV,,. 
R, begins to charge C, with a negative voltage. D, no longer conducts, as 
it is back-biased. When C, is charged down to a voltage slightly more nega- 
tive than —BV,,, the op amp switches states again. The output returns to 
Vz. UU, returns to BV, and C, starts charging positively through R, and R, 
until D, conducts. When D, starts conducting, the circuit is reset and ready 
for a new trigger pulse. 


Fig. 20.5 Basic monostable multivibrator. 


DESIGN PARAMETERS 


Parameter Description 


Feedback factor for positive input terminal of the op amp 
Determines pulse width and reset time 

Part of input differentiator 

Bypass capacitors —typically 0.01- to 0.1-wF ceramic for most op amps 
Clamps negative input of op amp at +0.6 V during standby time 
Selects negative trigger pulses from differentiator circuit 

Allows reset time to be shorter than pulse width 

Standby current through R, 


PESQQa® 
2 


— 
eS 
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Parameter 


V(+,sat) 
V(—,sat) 
Xc2 

Zi 

Z, 

Zin 


Description 


Bias current into the op amp negative input terminal 

Input offset current of op amp 

Part of input differentiator 

Determines reset time of circuit 

Determines pulse width 

Current limiter for Z, and Z, 

Voltage divider for positive feedback (determines feedback factor B) 

Parallel resistance of R, and R, 

Output resistance of circuit during standby (positive output) 

Output resistance of circuit during pulse (negative output) 

Dynamic zener impedance (resistance) of Z, at chosen current level 

Dynamic zener impedance (resistance) of Z, at chosen current level 

Slew rate of op amp 

Temperature coefficient of Z, breakdown voltage (in %/°C) 

Temperature coefficient of Z, breakdown voltage (in %/°C) 

Pulse width 

Reset time —determines when circuit is ready for next trigger pulse 

Input trigger waveform 

Differentiated input waveform 

Sum of 2 waveforms: (1) Negative trigger pulse formed by C,, R,, and D,. 
(2) A fraction B of the output waveform V, 

Slowly varying waveform (due to C,) which determines pulse width and 
reset time 

Output pulse 

Breakdown voltage of Z, plus forward breakdown voltage of Z, 

Breakdown voltage of Z, plus forward breakdown voltage of Z, 

Positive supply voltage 

Negative supply voltage 

Maximum positive output saturated voltage of op amp 

Maximum negative (most negative) output saturated voltage of op amp 

Reactance of C, to input waveform 

Determines negative peak voltage of output pulse 

Determines magnitude of positive standby output voltage 

Input impedance of circuit to trigger waveform. For fast-trigger wave- 
forms this is essentially equal to R, 


DESIGN EQUATIONS 


Eq. 
No. 


1 Pulse width 


2 Pulse width if R, = R, 


and V,, > 3. V 


3 Reset time 


4 Reset time if R, = R, 


Description Equation 
1+ 0.6/V. 
Y ips = RG, In esa 
T, = 0.8 B;C, 
7, = Fes jy (Yn + B¥a) 
s R, = R, Vie re 0.6 
7 = 0:3 RRC, 
and V,,=Vz>3V : R, + FR, 
et 
v(t) = (Vz. + 0.6) e eae 
3(t) = (Vp ) exp RG. Z2 


5 v, during pulse 


6 v, during reset 


valt)= (Vie + BVzn){1 — exp [=e — av, 
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Eq. 
No. Description Equation 
7 v, standby required v,(standby) 2 0.8 V 
8 Input voltage required v,(peak-to-peak, required) 2 1.5 BVz, 
9 Differentiator time Vet Ve Sha 
constant required 25 ies a cm 
10 Loading of R, R, < R, 
ll Standby output resistance Rout(+) = RypR 
out Ry» a Ri 
12 Output resistance during ae Ses Hy 
pulse * Rz, + Ry 
13 Feedback factor B= Re 
| . RR 
14 Input impedance ORG OPS R, +R 
15 Standby output current 1,(standby) = Wit sat) = Naa 


4 


DESIGN PROCEDURE 


The amplitude and pulse width are usually the most important output 
characteristics for this circuit. In the following design procedure we assume 
these two parameters are of prime importance. Input and output impedances 
are also specified, but some compromise is possible. The input trigger 
voltage required and the maximum op amp output current are also specified. 
If these last two requirements cannot be met, input/output buffer stages may 
be necessary. 


DESIGN STEPS 


Step 1. Choose Z, and Z,. Z, sets the level of positive standby output 
voltage and as shown in Fig. 20.6, Z, sets the negative peak voltage of the 
pulse. Z, and Z, may be deleted if the op amp saturation characteristics are 
to be used for maximum and minimum voltages. 

Step 2. R, must be chosen using two criteria. It must be low enough so 
that the circuit will have sufficient driving power. It must be high enough so 
that standby current I, through Z, is not excessive. The minimum R, is found 
from 


V(4+,sat) — Vz. 


BOE Gree prea 


The maximum R, is determined by the maximum allowable circuit output 
resistances. The circuit output resistances are Roy(+) for standby and 
Rou(—) during the pulse. Rou(+) is the parallel combination of Ry and the 
dynamic resistance of Z,. The dynamic resistance of a zener depends on its 
bias point. Thus the dynamic impedance of Z, depends on the size of Ry. 
In most cases, however, Rzz < R, and R, need not be included in the calcula- 
tion for Rou(+). The other output resistance Roy(—) is similarly computed. 
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In most cases it is nearly equal to Rz;. The final compromise for Ry, will 
determine the standby current in Ry: 


V(+,sat) — Vze 


I, = R, 
Step 3. Find the sum of R; and R, as follows: 
Hider yes 100Vz. 
I, 


NOTE: For simplified algebra, set R; = Rg = 50Vz,/I, and skip steps 4 
and 5. 

Step 4. Rg is then found from 
_ 100 


Re Fj 
4 


Step 5. Compute 
fee L00(Vz2 — 1) 
I, 
Step 6. Solve 
pus 
a R; + Reg 


Step 7. Set R,= 10 Rg. 
Step 8. Compute the parallel resistance Rp, of R, and Rg: 


ents 
R,+R, 


Is R, > Zn(minimum)? If yes, Eq. 14 is satisfied. If no, the resistances of 
R,, R;, and R, must be increased. 

Step 9. Is the slew rate of the op amp much faster than the rate required 
to form a good-quality pulse? Figure 20.6 shows the pulse degradation re- 
sulting when the op amp slew rate is not fast enough to form a pulse with 
steep sides. For example, assume T, is to be 100 ws wide and 10 V from 
standby to the (negative) pulse peak. If S = 0.5 V/ys, the rise and fall times 
of the pulse (0 to 100 percent) will each be 20 us. 

Step 10. Find 


Ry 


_b 
Ry 


Also, check to make sure that [(Vz,; + Vz2)/2S] < T,. If this inequality is not 
true, the chosen op amp is too slow for the chosen pulse amplitude Vz; + Vz2 
and pulse width T,. If R,C, is too small, triggering will not occur. If R,C; is 
too large, multiple output pulses will occur for each input pulse. 

Step 11. Set R; = R;+ Re. 

Step 12. Compute 


C2 


T, 


Fa eed ten cee PERO SPN PS 
LYSE Teh Soa er a pe tae es 
T. 
or C,= 0.8 R, if R, = Rg and Vz >3V 


Step 13. Another option exists for the designer at this point. If the 
reset time T, is not critical, it can be set equal to T,. This means R, and D3 
can be deleted from the circuit and step 14 skipped. 
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Step 14. Resistor R, is found as follows: 


ie RT, 
R;C, In {[Vz2(1 ie B)\/(Vz2 = Vn\t dy 


Step 15. Check to see if R, and R, are in the range 10 k© to 1 MQ. 
Also, make sure C, is in the range 1,000 pF to 2 uF. Operation outside these 
ranges may produce oscillation problems or drift of Tp. Wide-bandwidth op 
amps (unity-gain crossover above several MHz) may perform satisfactorily 
with C, below 1,000 pF and R,, R; below 10 kQ. 


R, 


BVz2 


- BV2 


— V4 
vase Tp ce T; 


Fig. 20.6 Monostable multivibrator waveforms v,, v3, and v,. 


Step 16. The next calculation determines the required size of trigger 
waveform: 


v;(peak-to-peak, required) = 1.5 BVz2 


If v,;(peak-to-peak) is less than 80 percent of the value computed above, 
triggering cannot be guaranteed. 

Step 17. Error sources must be considered next. 

1. If Rg is large (>1 MQ), op amp input bias I, and offset I;, currents will 
affect T,. These currents vary with temperature. The current through R; 
during the pulse (~Vz,/R3) must be large compared with the maximum cur- 
rent I, into the op amp negative input terminal. In summary, fora stable Ty, 


I,(max) + I;9(max) < Van 
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2. The pulse voltages (standby and peak negative) will vary with tem- 
perature, since these voltages are determined by Z, and Z,. Temperature- 
stable zeners can be used to hold these voltages constant. 


DESIGN EXAMPLE 


Tentative Circuit-Performance Requirements 
T, = 200 ps 
T, = 50 ps 
—V,, =—5.7 V (1N5231) 
Vz. =+10.6 V (1N5240) 
v,; (peak-to-peak, available) = 4 V (square wave) 
Zin = 5,000 1, minimum 
Rout(+) = 50 ©, maximum 
Rour(—) = 50 O, maximum 
I,= 10 mA, maximum 


Op Amp Parameters (uA 741) 


SOs vine 
I, = 300 nA 


V(+,sat) =+13 V 
V(—,sat) =—-13 V 


Other Critical Parameters 
R,, = 35 0, maximum at 10 mA (1N5231) 
R,. = 35 1, maximum at 10 mA (1N5240) 
TC,, = +0.03%/°C, maximum 
TC,, = +0.075%/°C, maximum 
VH=+15V 
VO=-I15V 


Step1  Z, will be an 1N5231 zener diode which has a typical breakdown 
voltage of 5.1 v. Adding this 5.1 V to the 0.6-V forward breakdown voltage 
of Z, results in —V,, =—5.7 V, as required. Likewise, using a 10-V IN5240 
for Z, results in a Vz, of 10.6 V. 


V(+,sat)— V,, 13—10.6 


S j = eh ae Sl Leeks = SC 
tep 2 R,(min) oan 001 140 0 
_ R,(min) X Rz, _ 240 X 35 _ 
Rou(+) = R,(min) + R,, 240+35 — CAL 
ate R,(min) X R,, | 240 x 35 — 30.550 


R,(min)+ R,, 240+ 35 


1, is set to 10 mA as originally specified since Roy(+) and Rou(—) are suffi- 
ciently low. 


100V,, _ 100 x 10.6 


Step 3 R, + Ry = italiane 0:0 [ee 106,000 © 
100 ‘100 
Step 4 Ree TAO) 
NY Be STE 
LOOV ase 1) Val Oi 
Step 5 Ro 100(Vz2 — 1) = 100(10.6 — 1) = 96,000 0 


E a 0.01 


LS 
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Step 6 B= R, Soa nem = 0.0943 
Step 7 R, = 10R, = 10°. 

by 
Step 8 = a nee ee 0990.9 1 


RetR Px AG 


This resistance is greater than Z;,(min), so we can proceed. 

Step 9 S=0.5 V/s, T,= 200 ws, and peak-to-peak pulse output is 
10:7 +5.1= 15.8 V. The op amp will slew 15.8 V in 15.8/S = 15.8/0.5= 
216 ps. 


Cee eeu fon 
piep 10 C= he pee 2,000 pF 
Vey Von. Ot LO Ges e 
ase ara Se = 16.3 ws < T, = 200 us 
The inequality is satisfied. 
Step 11 R, = R, + R, = 106,000 
Step 12 
‘ie a _ pe Se fie 
*  R,In[(1 + 0.6/V;,)/(1 — B)] 1.06 x 10®In[(1 + 0.6/10.6)/(1 — 0.0943)] 
= 0.012 uF 


Step 13 T, < T, is specified. 


Step 14 
R,T, 
R;C,In{ [Vzo(1 “+ B)]/(Vze —O.6)t-— 1 


(LUG > HPO bx 10-4} 


2 (1.06 x 10°)(0.12 x 10~*) In{[10.6(1 + 0.0943)]/(10.6 — 0.6)} — 0.5 x 104 
= 41,410 0 


Step 15 C,, R,, and R, are all within the limits specified in this step. 
Step 16 
v;(peak-to-peak, required) 


R, = 


= 1.5BV,,. = 1.5(0.0943)(10.6) 
= 1.50 V (peak-to-peak) 


Step 17 

1. I,(max) + I,,(max) = 800 nA + 300 nA = 1.1 pA. 
Via wages 
Hee Rodel ee 


Since 52.8 > 1.1, T, will be constant with temperature. This assumes C, 
and R, are also low-drift components. 
2. TCz, = +0.03%/°C for the IN5231 
TC,, = +0.075%/°C for the IN5240 
The two output-voltage levels V,, and V,, will have the same temperature 
coefficients as stated above. 
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Chapter 2 1 


Oscillators 


INTRODUCTION 


In this chapter we will provide detailed design information on two popular 
oscillator circuits. First to be described is the popular Wien-bridge sine- 
wave oscillator. The circuit presented will be a superior design which has 
controlled amplitude and frequency stability. The second circuit presented 
is a voltage-controlled square-wave generator. 

Other types of oscillators are presented elsewhere in this handbook. Chap- 
ter 20 contains detailed design information on the basic square-wave genera- 
tor. Several types of waveform generators are presented in Chap. 27. 


21.1 WIEN-BRIDGE SINE-WAVE OSCILLATOR 


ALTERNATE NAMES Phase-shift oscillator, AGC oscillator, sine-wave genera- 
tor. 


EXPLANATION OF OPERATION A Wien bridge is made up of a series RC circuit 
in one branch of a bridge and a parallel RC circuit in another branch. In the 
Wien-bridge oscillator shown in Fig. 21.1 these components are R,, R;, C,, 
and C,. The circuit will oscillate at that frequency where the phase of V, is 
identical to the phase of V,. This frequency, in terms of circuit components, 
is 


ne ] 
: IA RRCiCs)* 
Oscillation cannot be sustained unless the positive feedback through R,, 


R,, C;, and C, is exactly equal to the forward gain controlled by Rs, R;, and Rg. 
The feedback factor (gain from V, to V,) through the Wien bridge is (at f,) 


earlier 
A;=1+ R, + C, 
The forward gain of the amplifier is (at dc) 
aga 1+ Bey Pal 


R; RR, 
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Fig. 21.1 A Wien-bridge oscillator which requires only one component for tuning. 


These gains will be equal if we satisfy the following equalities: 


R, = R, = R,= R; (in practice R, is made 5 to 10 percent higher) 


1 

In basic Wien-bridge oscillators R, is returned to ground. In the present 
circuit, however, it is returned to a virtual ground at the inverting input of 
A,. This additional circuit, composed of A,, Ry, and R;, is added so that a 
single part R, can be used for tuning. The A, circuit forces the positive feed- 
back to equal the negative feedback for all values of R,. 

The circuit composed of D,, D,, and R, is used to maintain V, amplitude 
stability. If V, tries to increase owing to load changes, diodes D, and D, 
conduct harder. This makes R, appear to be smaller, which lowers the gain 
of A, and restores V, to its correct value. The diodes keep R, out of the circuit 
until a firm oscillation is present. Otherwise the circuit would have too much 
negative feedback and would not start. 

If R, is to be variable, its limits should be controlled. The minimum R, is 
constrained by the maximum available gain of A, at f,. Equation 5 must be 
satisfied, so that the gain of the A, circuit (-R,/R,) will never attempt to ex- 
ceed the open-loop gain of A, at f,. Conversely, very large values of R, will 
cause A, to have a dc output offset of I,,R,. The maximum R, is therefore 
constrained by the maximum allowable output offset. 


2 


DESIGN PARAMETERS 


Parameter Description 
A, Op amp which oscillates 
Ay Op amp used to keep gain of A, constant as R, is adjusted 


Ay Feedback factor V,/V, of Wien bridge 


Parameter 


WIEN-BRIDGE SINE-WAVE OSCILLATOR 21-3 


Description 


Gain of A, circuit from V, to V, assuming Wien bridge is not present 
Determines frequency of oscillation along with R, and R, 
Used to control gain (and output amplitude) of A, circuit 


Frequency of oscillation 


Unity-gain crossover frequency of A, 


Input bias current of A, 
Fixed portion of R, 
Variable portion of R, 


Controls frequency of oscillation along with R,, C,, and C, 


Sets basic gain of A, circuit 


Controls effect of A, circuit on the gain of A, circuit 
Used to adjust stability and also output amplitude (to a lesser extent) 


Voltages at various nodes in Fig. 21.1 


Output voltage 


Output offset due to input bias current of A, 


Power-supply voltages 


DESIGN EQUATIONS 


oOo NN DD 


10 


11 


Description 


Frequency of oscillation 


Feedback factor of Wien bridge 
at f, 


Gain of A, circuit from V, to V, 
(assuming Wien bridge is dis- 
connected) 


Recommended resistor values: 


R, (variable portion) 


R, (fixed portion) 


Peaity. dk. 

R; 

Re 

Recommended capacitor values 


CG. 


Maximum f, 


Minimum f, 


Equation 
0° SRE 
0 2ar(R,R,C,C,)"” 
aM 1, By Gs 
Adf)= y= lta to 
| Pare 
Age = 1+ 52+ 5a 
s RR, 
R,(max) = AN ema) 
Ty, 
R? 1/3 
. > Se. 
R,(min) a ete 
he = R, = R; = [R,(max)] “ 
R, = 1.1.8, 
R, ~ 100 R, 
ieee oe 
Cues = 2Q7rf,R, 


= Juz ie 
f.(max) ahs 


les) | eee trom 2 
Qa | R,C,C,AV,(max) 


DESIGN PROCEDURE 


We begin by assuming the midband frequencies are most important. We 
then perform calculations to determine the maximum and minimum fre- 
quency limits of the oscillator. 
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DESIGN STEPS 


Step 1. Compute a value for R,(max) using Eq. 4. 

; Step 2. Sequentially apply Eqs. 6, 7, and 8 to determine the other resistor 
values. 

Step 3. Determine nominal values for C, and C, using Eq. 9. 

Step 4. Compute the fixed portion of R, using Eq. 5. The variable por- 
tion of R, should be a log-taper potentiometer if one wants a constant octave/ 
degree control of frequency. 

Step 5. Compute the approximate frequency limits expected from the 
oscillator using Eqs. 10 and 11. 

Step 6. Double-check all previous calculations by computing f, with 
Eq. 1 at R,(min), R,(max), and the square root of R,(max). 


WIEN-BRIDGE-OSCILLATOR DESIGN EXAMPLE An oscillator with a mid-range fre- 
quency of 1,000 Hz will be designed. The maximum output voltage (peak-to- 
peak) and output offset are specified. The op amps are also predetermined. 
We are asked to determine the upper- and lower-frequency limits of the oscil- 
lator. 

Design Requirements 

V,==+10 V 

AV,(max) = 0.1 V 

f,(midband) = 1,000 Hz 

A, and A, = LM 324 

VY=+15 V 
Device Data 

t<—ox 10° Hz 

Ty1 = 3 x 16-5 A 

Step 1. The adjustable portion of R, is 


AV,,(max) ees Usk 
Ty Sexail Oe 


Step 2. Equation 6 provides us with 
R, = R, = R; = [R,(max)]"? = (3.3 X 10®)"? = 1,830 0 
Equation 7 is approximately 
R, ~ 1.1 R, = 1.1(1,830) = 2,000 
R, is found from Eq. 8: 
s ~ 100 R; = 100(2,000) = 200 kOQ 
Step 3. Equation 9 gives us nominal values for C, and C,: 


1 1 
Qaf,R,  27m(1,000)1,830 
The output will not be a pure sine wave unless these capacitors are closely 


matched. 
Step 4. The fixed portion of R, is 


* R? 1/3 
) I (Grecia? 


R, (max) = = 3.3 MQ 


C,=C,= = 0.087 wF 


Ef 1,8302 Me ie Sey 
= learns x 10-*)*(5 x ma . 
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Step 5. We now substitute data into Eqs. 10 and 11 to find the oscillator 


range: 
aes tie ie 
iD Lbas pata 


5 x 10° 

Ar? (1,830)2(0.087 x 10-8)? 
; i se! iy ile 

LR eres aera ee 

Jal 3 x 10-8 

~~ Qar | (1,830)(0.087 x 10-*)20.1 


Step 6. The oscillator frequency is computed using Eq. 1 along with 
the results of steps 1, 2, 3, and 4. 


1/3 
= 7,900 Hz 


= 4 Zz 


f,(min) = relly EG enya 
0 Qa [R,(max)R,C,C,]"? 
a PEE TCRERTOTRCCUUN STEHT date = 23.4 
Qa [(3.3 X 10®)1,830(0.087 x 10-8)? ]*? 
1 
f,(nom) = 2a [R,(nom)R,C,C, ]}”” 
1 
= Sy 11,830(1,830)(0.087 x 10-97]12 ~ 1000 Hz 
f,(max) = 1. a 
0 ~ In [R,(min)R,C,C, ]*? 
1 
= Sy [291,830)(0.087 x 10-972 — 7998 Hz 
REFERENCES 
1. Brokaw, P.: FET Op Amp Adds New Twist to an Old Circuit, EDN, June 5, 1974, 


Goo. 

2. Coers, G.: MOSFET Network Minimizes Audio Oscillator Distortion, Electronics, 
Jan. 3, 1972, p. 85. 

3. Widlar, R. J., and J. N. Giles: Avoid Over Integration, Electron. Des., Feb. 1, 1966, 
p. 56. 


21.2 VOLTAGE-CONTROLLED OSCILLATOR 


ALTERNATE NAMES VCO, voltage-controlled pulse generator, voltage-to- 
frequency converter, V/F converter, VFC. 


EXPLANATION OF OPERATION The op amp circuit is an integrator which is 
constantly attempting to drive its output terminal high. The rate at which 
the output slews high is 

Av, ee 


Af. RIG; 
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Whenever », rises to V,, the threshold input of the timer causes the output 
terminal to drop to the low state. But this output terminal is attached to the 
gate of Q,. A low voltage at this point turns the FET on, discharges C,, and 
lowers v, to approximately zero. The rate of discharge depends on the sizes 
of C, and R,, of the FET. The timer trigger voltage, attached to the threshold 
terminal through R,, also skews downward. When the trigger terminal drops 
to V,/2, the timer output changes to the high state. This turns Q, off, which 
stops the C, discharge. The R,C, delay network is required so that the trigger 


Control Reset 


voltage 
Threshold 


555 
timer Out 


Vy V, 


Fig. 21.2 A voltage-controlled pulse generator which utilizes an op amp integrator in 
conjunction with an IC timer. 


action does not occur until C, is fully discharged. This requires that R,C, > 
RoC. 
The output pulse width is approximately 


T. =07 RG, 


The width of this pulse controls the upper frequency of the VCO. IfT,= lps, 
the VCO has only 0.2 percent nonlinearity (of the T,/v,, transfer function) 


up to approximately 10 kHz. At low frequencies where the width of T, is 
much smaller than T,, 


Fig. 21.3 
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{te 


Tp 


Waveforms at various locations in the voltage-controlled oscillator. 


DESIGN PARAMETERS 


Parameter 


v, tO UV, 
V, to Vz 
£ 
Vio 
Ons Um(nom) 


p 
Vo 
Zy 


Description 


Op amp used as an integrator which is reset once per cycle 
Determines integration time along with R, 

Determines pulse width along with R, 

Output frequency 

Mid-range output frequency corresponding to v,,(nom) 
Drain-to-source saturation current of FET (at V,, = 0, Vps =—5 V) 
Nominal zener-diode current 

Determines input resistance of circuit and integration time of A, 
Cancels effect of input bias current of A, 

Limits drain-to-gate current in Q, 

Controls output pulse width along with C, 

Controls zener-diode current 

Used to set f, ~ 0 when v,, =0 unless A, has offset-adjustment terminals 
On resistance of Q, 

Time between output pulses 

Output pulse width 

Output-voltage waveform 

Voltages as shown in Figs. 21.2 and 21.3 

Reference voltages used for offset adjustment 

Control voltage established by Z, 

Input offset voltage of A, 

Input modulation voltage and its nominal (mid-range) value 
Pinch-off voltage of QO, 

Power-supply voltages 

Reference diode 
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DESIGN EQUATIONS 


2 Te 


Eq. 
No. Description Equation 
. ; = Pal 
il Output frequency if T, > T, iP VRC, 


1 
2 Output frequency if T, ~ T, (near f= oo Se 
upper limit of f,) 0.7R,C, + (V.RiC,/|vm|) 


3 Width of negative output pulse T, ~ 0.7R,C, 
VAG 
4 Width of positive output pulse T, = albele 


Resistor values: 


— R, = —lem(nom)| 
5 Ron. R, = R,= VC hem 
i R,; ~ 100 kN 
R, R, ~ 10 kO 
Yu = V 
8 Re R, ~ I . 
Z1 
NOTE: If offset-adjustment terminals 
are provided on the op amp, skip steps 
9 to 11 and ground the lower end of R, 
R,, Re 
9 Rg R, 10 to 760 
_ Ae pele 
ead R; ~ 7090 © 1,000 
— RVs 
11 R, R, ~ 10V,, 
(let V7 = —V,) 
Capacitor values: 
c 
nk dE ha 
12 e c. 10R,, 
13. -C Cy eles 
; SOR 
14 FET on resistance (at V;s5 = 0) Rvua= ae 
2Ipss 


DESIGN PROCEDURE 


These design steps are fairly straightforward, owing to the simplicity of the 
circuit. Timer ICs in conjunction with op amps make the design of a large 
class of circuits greatly simplified. We begin this procedure by assuming 
the pulse width T, and the nominal f, [and its corresponding v,,(nom)] are 
specified. 


DESIGN STEPS 


Step 1. Choose an FET having a V, less than V™. Compute R,, using 
Eq. 14. 
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Step 2. Calculate a nominal value for C, using Eq. 12. Use the standard 
value closest to that calculated. 

Step 3. Resistors R,; and R, are now found from Eq. 5. Use a nominal 
Um and the corresponding nominal f,. 

Step 4. The selection of R, is not critical. For high-speed operation 
(>10 kHz) one should probably keep R; in the 100-kQ range. Likewise, a 
nominal choice for R, is 10 kQ. 

Step5. Calculate approximate values for R; to R, using Eqs. 8 to 11. 

Step 6. Compute a value for C, with Eq. 13. 


EXAMPLE OF A VCO DESIGN Suppose we want a VCO having a range from 
nearly de to 10 kHz. The (negative) pulse width is to be approximately 
10 percent of the period at 10 kHz. Let the nominal v,, of —5 V correspond 
to f, = 5 kHz. 


Design Requirements 
f,(nom) = 5 kHz 


f,(min) = de 
f,(max) = 10 kHz 
0,(nom) = —5 V 


v,(min) = 0 (shorted to ground) 
0,(max) = —10 V 
VO=—+15 V 
V,=—-V,=+15V 

Device Data 
V,,(max) = 5 mV 
V, = 3.2 V (2N2608, measured) 
Ipss = 3.2 mA (2N2608, measured) 
I,, = 0.5 mA (1N4566) 
V.= 6.4 V (1N4566) 


Step 1. The 2N2608 FET has a pinch-off voltage of 1 to 4 V. We will 
assume 3.2 V in the following. 


ea a2 
flee ae 
Step 2. Equation 12 provides a nominal value for C;: 
T 1 1 


R = 500 0 


©1= TOR. ~ 10f,(max)10R.,  10(10*)10(500) ~ 20 P 
NOTE: T, = 1/10 f,(max) = 1/10(10*) = 10 ws. 
Step 3. Use Eq. 5 to find R, and R,: 
cree ea |Un(nom)| [5] 78 ko 


V.C,f,(nom) 6.4(2 x 10-*)5,000 
Step 4. Let R, = 100 kQ and R, = 10 ko. 

Step 5. Other resistor values are computed: 
VO—V, 15-64 


si) epee tery, 19u4 


= 17,200 0 
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RV, L005) 


~ IOV,  10(5 x 10-3) 


Step 6. Capacitor C, becomes 
= eee oe = 1,430 pF 
iif hy Rousse ee 


Rg 


C; 


REFERENCE 


1. Klement, C.: Voltage to Frequency Converter Constructed with Few Components 
is Accurate to 0.2%, Electron. Des., vol. 13, p. 12, June 21, 1973. 


Chapter 22 


Parameter Enhancement 
and Simulation 


INTRODUCTION 


The versatility of op amps allows the circuit designer many opportunities 
to create circuits possessing new and unique characteristics. Some of these 
unique circuits are those which multiply capacitance or simulate inductance. 
In this chapter we will present one circuit of each type. Numerous designs 
for parameter enhancement exist in the literature. The circuits chosen for 
presentation here we feel would be most useful for the application-oriented 
designer. 


22.1 CAPACITANCE MULTIPLIER 
ALTERNATENAMES Low-Q capacitor simulator, simulated capacitor. 


EXPLANATION OF OPERATION In some low-level high-impedance circuits 
very large capacitors are required. For example, suppose a designer needs a 
nonpolarized 100,000-uF capacitor for a low-voltage application. This 
requirement is difficult to implement with passive components. A capaci- 
tance multiplier could be used if the application does not require a high-Q 
capacitor. 

This circuit uses the high gain of the op amp to multiply capacitance. The 
effective capacitance seen between point Z,, and ground in Fig. 22.1A is 


_ RC, 
Cin Teall R, 


As shown in Fig. 22.1B, this capacitor has an effective series resistance which 
lowers.itsQ. This series resistance is R, = R,. 

The circuit also has an effective leakage current through the capacitor. 
The effective leakage current does not depend on the voltage between Zin 
and ground. It has a value of 


—- Vio 2% I, R, 


'e R 
1 


22-1 


22-2 PARAMETER ENHANCEMENT AND SIMULATION 


This equation assumes R, = R,. Otherwise, the input bias current of the 
op amp would cause an even larger I,. It is obvious that a high-quality op 
amp is required if a low-leakage simulated capacitor is desired. 

If C,, is to be nonpolarized, C, must also be nonpolarized. 


(B) 


Fig. 22.1 A single-ended capacitance 
multiplier (A) and its equivalent cir- 
cuit (B). 


DESIGN PARAMETERS 


Parameter Description 

C, Capacitor which is multiplied 

Ci Effective input capacitance of circuit 

I, Current into circuit at Z;, terminal 

be Input offset current of op amp 

iy Effective leakage current through input capacitance 
Q Quality factor of circuit 

ne Resistor which controls the effective series resistor of Zin 
R, Makes A, a noninverting unity-gain amplifier 

Re Controls size of effective C;, 

R, Effective series resistance in Zip 

s s=j Mf 

V; Voltage at Z;, terminal 

Vio Input offset voltage of op amp 


H Spi Input impedance of circuit 


INDUCTANCE SIMULATOR 22-3 


0.1 


{ 10 102 103 104 10° 10° 
Frequency, Hz 


Fig. 22.2 The input impedance of a typical capacitor multiplier as a function of 
frequency. 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
RC, 
1 Value of simulated capacitance Cin = ee 
1 
Value of effective series resistance R,= R, 
Effective leakage current of fox V+ ih, 
capacitor if R, = R; be R, 
= R, 
4 Input impedance at C;, Zin= Ry + ac 
5 QO of circuit O= pie Maal 
Qar fR,Cin 
6 Required R, R,=R, 
REFERENCES 
1. Schmutz, L. E.: Transistor Gain Boosts Capacitor Value, Electronics, July 25, 
1974, p. 116. 


2. National Semiconductor Corp. Applications Note AN-29, December 1969. 
3. George A. Philbrick Researches, Inc., Applications Manual for Computing Ampli- 
fiers, 1966, p. 97, Nimrod Press, Inc., Boston, Mass. 


22.2 INDUCTANCE SIMULATOR 


ALTERNATE NAMES Simulated inductor, capacitance-to-inductance con- 
verter, low-Q inductance simulator. 


22-4 PARAMETER ENHANCEMENT AND SIMULATION 


EXPLANATION OF OPERATION This circuit utilizes a triple op amp, eight 
resistors, and a small capacitor. Stage A, is an integrator which has a dc 
gain of R,/R, and a pole at f.,,; = 1/27R,C. The transfer function of this 


first stage is 
V,___R,/R, 
V, 1+ 'sR,C 
The voltage-to-current converter A, to A, has a transfer function of 
Coie pan Gn 
; R, a Z,(1 a (R,R,/R5Re) | 


If we let 


then I, reduces to 


If we combine the above equation with the integrator transfer function, the 
result is 


a RV, 
~ RR, (1+ sR,C) 


I, 


L=R, RC 


Fig. 22.3 An inductance simulator which utilizes an integrator in conjunction with a 
voltage-to-current converter (A). The equivalent circuit of an inductance simulator (B). 
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This current must equal the input current, since A, draws essentially no 
current and R, is very large. The input impedance of this circuit is therefore 


7. — Vi _ RiRs (1 + sR,C) 


iE ie 
The input impedance is equivalent to a series RL circuit with a resistor of 
R = R,R, 
R; 
and an inductance of 
L=R,R,C 
The QO of a series RL circuit is 
27 fL 
aaeny 


The Q is a direct function of frequency; so the circuit will have a Opin cor- 
responding to some fhin- 

The circuit also has an upper frequency limit where the closed-loop gain 
of the A, circuit equals the open-loop gain of A,. This frequency is 


_ fuR 
5 pe 7 R 


2 


In Fig. 22.4 this occurs at approximately 1 kHz. 


104 
L=O.1H 
R=0.628Q 
102 Q= 100 at 100 Hz Stph 
hs an 
Actual circuit 
G 
N10 
] 
On 
ete 


1° ea > 1071 | 10 102 103 10 4 
Frequency, Hz 


Fig. 22.4 The impedance of a typical inductance simulator as a function of frequency. 
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DESIGN PARAMETERS 


ee 


Parameter Description 

C Reactive element in circuit whose properties are inverted in A, and A, to 
create a simulated inductor 

Sraax Frequency where A, open-loop gain is insufficient to perform integration 

Fmin Minimum frequency where a specified minimum Q is possible 

fi, Unity-gain crossover frequency of A, 

| Output current of A, to A, voltage-to-current converter 

fr, Input bias current of A, 

if Simulated inductance 

Oz. Specified minimum Q of circuit 


Effective series resistance of L 
Rto Rk, Controls de gain of integrator 
R, to R, Controls voltage-to-current transfer ratio of A, to A; circuit 


S s=j2uf 

Vv, Voltage at Z;, terminal 

V, Integrator output voltage 

AV, DC output offset voltage from integrator 

y= Power-supply voltages 

Vig Input impedance of circuit 

Zi, Load impedance seen by voltage-to-current converter 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Simulated inductance L=R,R,C 
3 : - R,Rg 
2 Series resistance of simulated R= R 
inductance 2 
3 QO of RL circuit Q= er = 2a7fR2C 
Resistor values: 
— __R,|Vilmax 
: ae a 2a fminkteC | Vol max 
AV,(max) 
5 R BS fect eben hs 
: ur | 101 (max) 
6 Bz. toe R, = R,= R, = R, = R, = 1 to 10 kD 
i 
iL R, R, = RC 
* == Onin 
8 Recommended capacitor value & Sf Re Faas 
: FR, 
9 Maximum frequency of operation Fea R 
2 


DESIGN PROCEDURE 


This procedure could start out assuming L, Rmin, and fmin are specified or 
L, Qmin, and fmin are specified. We will assume the latter. 
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DESIGN STEPS 

Step 1. Use Eq. 3 to determine the R,C product required. 
Cran 

2 ats 


Step 2. Let R, be chosen so that the worst-case V, dc offset is only about 
10 percent of |V3|max: 


R,C = 


ge | V,(max) 
= 10],,(max) 

Step 3. Calculate R, from 
RSV thax 


ho eee 
Orr fin tis LV elmay 


Step 4. Compute a value for C from 


a iin 
: mn 277 fintts 
Step 5. The value for R, is 
iB 
ta REG 


Step 6. Choose a common value for R;, Ry, R;, Rg, and R; which is equal 
to or greater than the load resistance most commonly used on the A, to A, 
specification sheets. This value is usually between 1 and 10 kQ. 

Step 7. If needed, compute the effective series resistance of the in- 
ductance using Eq. 2. 

Step 8. Calculate the maximum frequency of operation using Eq. 9. 


EXAMPLE OF INDUCTANCE-SIMULATOR DESIGN For a numerical illustration 
suppose we wish to create a 0.1-H choke having a minimum Q of 100. The 
choke is to operate with a 1-V peak-to-peak sine wave which has a minimum 
frequency of 100 Hz. Operation below 100 Hz will be possible, but the Q 
will decrease from 100 at 100 Hz to 1 at 1 Hz. 


Design Requirements 
i almax =1V 
L=0.1H 
Orrin vi 100 
fmin = 100 Hz 
Ve 15. V 


Device Data 


LaRES =10V 
I,= 5 xX 10-7 A (maximum) 
fy, = 1 MHz 


Step 1. Equation 3 provides us with 


Orin a 100 ae 
Ont fmin 27(100) aoe 


Step 2. The value for R, is 


R,C = 
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V,(max) 10 


“= lTor,(max)| ~ T(x 10-7)” MO 
Step 3. We compute R, as follows: 
i R,|Vi|max DOS LOS Lats 
dlls Qt finR2C|Volmax _27(100)0.159(10) — cart 
Step 4. The integration capacitor has a value of 
Cea 2 Adalat or ag lOU. Greenies 0.08 uF 


27 fminR,  277(100)2 x 10° 
Step 5. We find R, from 


L 0.1 
Bae RC” 2300018 <10=) = ra 
Step 6. We will let the common value of R, through R, be 2 kO. 
Step 7. The effective series resistance of the inductor is 
R,R, _ 2,000(628) 
R OCA 
Step 8. The maximum frequency of operation is 


fuR _ 108(2 x 103) __ 


R= = 0.628 0 


fax = R, SSIOE 7 L000 Hz 
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Chapter 23 
Power Circuits 


INTRODUCTION 


Most op amps are low-level devices with optimized input characteristics. 
Although high-power op amps are available, it is sometimes advisable to 
combine an op amp having excellent input characteristics with a high-power 
output circuit. This additional circuit can be tailored to perform various 
types of tasks beyond the capability of the op amp. The power level may be 
increased, the voltage swing increased, the slew rate increased, the band- 
width increased, or the current-driving capability increased using appropriate 
output circuits. In this chapter we will discuss several such applications. 

The first circuit to be presented increases power level, slew rate, and 
bandwidth. The second circuit increases both power level and peak-to-peak 
voltage swing. 


23.1 OP AMP BANDWIDTH/POWER BOOSTER 


ALTERNATE NAMES Op amp buffer, push-pull buffer amplifier, comple- 
mentary transistor output circuit, slew-rate booster. 


EXPLANATION OF OPERATION As shown in Fig. 23.1, this circuit drives the 
buffer transistors from the op amp power-supply terminals. The simplified 
circuit, in Fig. 23.2, shows that this circuit makes a feedback loop out of the 
buffer transistors and the op amp output transistors. This is called voltage- 
series feedback (Ref. 1). The resistor ratio R,/(R, + R,) feeds back a portion 
of V, to the emitters of Q; and Q,. This is degenerative feedback which 
lowers the output resistance, widens bandwidth, and increases slew rate. 

The dc and low-frequency voltage gain of the circuit is controlled only by 

Ahi a Me = 2 Ry 
V; R, 
The additional circuit merely reduces the portion of the work load required 
of the op amp so that it will operate more efficiently. The improvement in 
high-frequency operation is directly related to the choices for R, and R,. 
Assume the f, of Q, and Q, is at least ten times greater than f,, of the op 
amp. We can then use the following ideas to approximate the new band- 
width, full-power response, and slew rate. 
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Fig. 23.1 A complementary power booster which utilizes voltage-series feedback. 


1. Let B= R,/(R, + R;) be the feedback factor from V, back to the emit- 
ters of QO, and Q,. 

2. Use the open-loop gain plot and maximum output-voltage swing plot 
(as shown in Fig. 23.3) to estimate performance changes graphically. 

3. The new closed-loop bandwidth is approximately f;=f,/B, since 
the op amp share of gain has been lowered from A,,. to BA,,._ This is clearly 
illustrated in Fig. 23.3A. | 

4. The new full-power response frequency is likewise found by multi- 
plying the old peak output by B and finding the appropriate frequency. The 
curve of output voltage as a function of load resistance must also be factored 
into the above calculation. In most cases R, will lower the output-voltage 
curve from that shown in the data sheet. 

5. As mentioned in Chap. 2, the slew rate is directly related to full-power 
response by 


Sinax = 27 FV op 


where f,; and V,, are the coordinates of a point on the curve in Fig. 23.3B. 
Slew rate will therefore be increased in this circuit by the same factor that 
full-power bandwidth was increased. 

The output power level is determined by the drive capability of Q, and Q,. 
The output resistance of the buffer is approximately 


— Wies + (1 + Bs)(Ra + Ro) [Pies + (1 + Bi) Rio] 
: BiB3R, 


R 
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Fig. 23.2 Simplified version of Fig. 23.1 which shows Q,, Q; and Q,, Q, feedback 
loops. 


This equation assumes that the buffer is symmetrical, i.e., hie = hieg and 
B, = B>.. In the absence of op amp output transistor data the following esti- 
mates can be used for standard bipolar monolithic devices: 


Ries = 3,000 2 
B, = 300 


The size of R, is usually indicated on the op amp data sheet. 
Resistors R, and R, are required to cancel crossover distortion. Rg is ad- 
justed at full output power and at the full-power bandwidth frequency. 


DESIGN PARAMETERS 


Parameter Description 
Ave Voltage gain of complete circuit 
Feedback factor determined by R, and R, 
B, Current gain of Q, 
Be Current gain of Q, 
ad, Small-signal bandwidth (—3 dB) of op amp at a closed-loop gain of A,, 


f Small-signal bandwidth (—3 dB) of entire circuit (or op amp at a closed- 
loop gain of BA,,.) 


fe Frequency of a given maximum op amp output (peak-to-peak) voltage 
Frequency of a given maximum op amp output (peak-to-peak) voltage 
if the op amp gain is reduced by 8 
te Small-signal bandwidth (-3 dB) of a transistor current gain 
fy A specified point on the op amp maximum output-voltage curve 


Frequency of the first pole of the op amp 
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Parameter Description 
jp Op amp second-pole frequency 
z Unity-gain crossover frequency of op amp 
ro Input resistance of Q, 
ies Input resistance of Q, 
pee Current into op amp (+) power-supply terminal 
| Bean Output current of circuit 
Q, to Q, Output transistors of circuit 
Q, to OQ, Output transistors of op amp 
R, Determines input resistance and gain of circuit 
Rh; Sets gain of circuit (along with R,) 
R, Cancels effect of op amp input bias current 
Hie tode Determines point at which Q, and Q, are tumed on 
R, to R, Controls feedback factor of output circuit 
R, to R, Used to minimize crossover distortion 
Re, toi Provides dc negative feedback in output transistors to prevent thermal 
runaway 
R, to Rz Output current-limiting resistors in op amp 
|e Output resistance of circuit 
Rin Input resistance of circuit 
Sax Maximum slew rate of op amp 
v; Input voltage 
V; Output voltage 
v= Power-supply voltages 
V3 Peak-to-peak output voltage of op amp 
fopi 
& 
oO 
mo 
oO 
oe 
$ 


Peak-peak output voltage—> 


Frequency ——> 


(A) 


NOTE: This curve is usually given 
on the data sheet with a specific 
loadresistance. Smaller load 

Original full- resistors (Rg) will lower the curve. 
power response 


New full-power 
response of op amp 


Frequency ———>- 


(B) 


Fig. 23.3 Open-loop voltage gain (A) and maximum output-voltage swing (B), both 
shown as a function of frequency for a 741 op amp. 
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DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Voltage gain of circuit Ay. = = eeee 
1 1 
2 Feedback factor of output Lari 
buffer stage cat R,+R, 
3 Output resistance of circuit if pa [hig + (1 + B3(R, + Re) ] [hey + (1 + By) Rio] 
hies = hieo, B, a B>, and Noes ae BiB3R4 
‘0e2 
Resistor values: 
R, R, = Rin required 
R, Re — = R,A,, 
R,R 
6 R 1222 
“ Rs R,+ R, 
170 -h to RK. R,=R,;= it) 


~ I(max, peak) 


_ BV,(max, peak) 


8 R = 
: Re I(max, peak) 


DESIGN PROCEDURE 


This circuit can be used to extend bandwidth, slew rate, and output current 
by a factor of 2 to 10 over those of the basic op amp. The full-power band- 
width will simultaneously be extended by a factor of V2 to V10, approxi- 
mately. Output power can be increased 20 or more using this circuit. 


DESIGN STEPS 


Step 1. Let B equal the reciprocal of the bandwidth improvement 
required. That is, if f, of the op amp is 1 MHz and a 10-MHz f, is required, 
a B of 0.1 is necessary. 

Step 2. Let R, equal the required input resistance of the circuit. 

Step 3. Calculate R, from Eq. 5 using the required closed-loop voltage 
gain of the circuit A... 

Step 4. Resistor R, is found from Eq. 6, which is equivalent to the 
parallel resistance of R, and Rj. 

Step 5. Determine values for R, and R; using Eq. 7. The I~ (max, 
peak) term is the desired peak current through the op amp (+) power-supply 
terminal. This current must be approximately B times the peak current 
allowed through Q, and Q,. 

Step 6. Since we want the output-voltage swing of the op amp to be B 
times the swing of V2, Eq. 8 gives us a reasonable choice for Re. 

Step 7. Calculate Eq. 9 to determine a value for R;. 

Step 8. Use Eq. 3 to compute the circuit output resistance. 


EXAMPLE OF POWER-BOOSTER DESIGN A 741-type op amp is to be provided 
with a booster to increase output power by 9. We assume that the 2N3904- 
2N3906 complementary transistor pair is to be utilized. 
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Design Requirements 


V.(max, peak) =+10 V 
VL osy, 

I ou¢(max, peak) = 50 mA 
f, = 4 MHz (total circuit) 
Ay. = —2 

Rin = 1,000 0 


Device Data 


B, = 80 at 50-mA collector current 

B, = 300 (estimated) 

hie = 200 

h.-3 = 3,000 (estimated) 

f,, = 0.4 MHz (op amp, minimum) 

I(max, peak) = 5 mA (+10-V output into 2,000 2) 
R,= 250 


Step 1. We want a bandwidth improvement of approximately 10, so 


B= 1/10. 


Step 2. We set R, = Ri, = 1,000 ©. 
Step 3. Equation 5 provides us with R, =—R,A,, = —1,000(—2)= 


2,000 2. 


Step 4. Resistor R; must be approximately 


nett Piet 000(2,000) 2 
a R,+R, 1,000 + 2,000 — eat 


Step 5. Equation 7 provides values for 


OT Unf 
seats I(max, peak) 0.005 — at 


Step 6. A reasonable choice for R, is provided if we compute Eq. 8: 


_ BV,(max, peak) _ 0.1(10) _ 
Re I*(max, peak) 0.005 a 


Step 7. R, is found using Eq. 9: 


_R,(1— 8) 200(1—0.1) _ 
Ne Be me oer fee = 1,800 0 


Step 8. The output resistance of the circuit is approximately 


sey [hies + 1 + Bs)(Ra + Ro) ] [hier + (1 + B)Rio] 


ne 
B,B3R, 
~ 13,000 + (1 + 300)(25 + 200)][200 + (1 + 80)4.7] _ 509 
80(300)140 
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23.2 OP AMP OUTPUT-VOLTAGE BOOSTER 


ALTERNATE NAMES Op amp buffer, push-pull buffer amplifier, comple- 
mentary transistor output circuit, high-voltage op amp. 


EXPLANATION OF OPERATION ‘This circuit operates like the circuit described 
in Sec. 23.1. In this voltage booster, shown in Fig. 23.4, however, one addi- 
tional transistor has been included in each output loop. These new tran- 
sistors QO, and Q, serve a dual function. They provide an additional stage of 
gain and also control the power-supply voltages applied to the op amp. The 
positive op amp supply voltage is 


R.V, 
(+) — BL eae 
V R, +R, 7. 
Likewise, the negative op amp supply voltage is 
ReVeg 
O= —— ey. 
Vi R. +R, +0 


Fig. 23.4 An op amp booster which increases output power level and voltage swing. 
The op amp output stage is shown to simplify the discussion. 


23-8 POWER CIRCUITS 


Resistors R, to R, are sized so that the op amp operates at its recommended 
supply voltages. The full supply voltage V+) — V~ must be less than the 
BV ceo Of either Q; or Q,. 

At low frequencies where |X,,| > Ry) the voltage gain from V3; to V, is A,, 
of the op amp. However, the voltage gain from V; to V, is A,AysAyiAys; 
where A,, is the common-emitter voltage gain of Q,, Ay, is the common-base 
voltage gain of Q,, and Ay; is the common-emitter voltage gain of Q;. The 
dc magnitudes of these gains are 


Teg —B,(R,||R;) 
Shel Bree ag) 


a, (Rgllh;-3) 


es 
a hin, 
—B3(Rz||R,) 
Av er all L 
ie3 


From Q, to Q, the current-gain increase is only that due to B; (of Q3). There- 
fore, the power-gain increase of this circuit over that of the op amp is 


a = BsAysAyiAys 


The voltage gain of the entire circuit is 


__f, 
An 


1 


@ =e 
2” Ri0C2 Aya Avi Ay3 


w, (op amp first pole) 


10 
25 
10’ : 0.99 
= 3.7 
10° hiea= 3000 


hie3 = 100 


Voltage gain 


Avc(closed-loop gain) 


Olean 10° 10*° 10° 10% ICG> 10° 10% 10° 
w,rad/s 


Fig. 23.5 The open- and closed-loop gains of Fig. 23.4 shown as a function of frequency. 
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This gives us a total power gain of 


R ie 
Pee Sao nee tr 
eee RR, 


This circuit can become unstable because of the additional voltage gain 
provided by Q,, Q,, and Q, (and Qz, Q,, and Q,). The R,C, lead network 
provides phase compensation near the loop-gain unity-gain crossover fre- 
quency. The optimum value for C, is approximately 


Oss 1 ( R,+R, Na 
RoAysAyiAy3 \ApoRiR C2, 
This provides approximately 45° of phase margin. If more phase margin is 
required, C, could be increased by a factor of 2 or 3. For those interested 
in detailed loop-stability information, the loop gain is 
Ayo@ils + (1/RyC2)] Ls + (1/R,C,)] 
(s+ w,)[s + (R, + R,)/R,R,C,][s + (1/RypC,AysAyiAys)] 
This is plotted, along with closed-loop gain, in Fig. 23.5 for a typical circuit 
constructed and tested by the authors. 


Loop gain = 


DESIGN PARAMETERS 


Parameter Description 
a, Common-base current gain of Q, 
y 9 Ne Power gain of entire circuit 
Ay; Voltage gain of Q, 
Ay3 Voltage gain of Q, 
Ave Voltage gain of QO, 
Fe Voltage gain of complete circuit 
Avo Voltage gain of op amp at dc 
Ba Common-emitter current gain of QO, 
B; Common-emitter current gain of Q, 
BY rts Collector-emitter breakdown voltage of Q, 
V eens Collector-emitter breakdown voltage of QO, 
C. Capacitor used to stabilize feedback loop of entire circuit 
Cc, Stabilizes feedback loop by placing another zero in the loop gain near 
the op amp second-pole frequency 
hint Common-base input resistance of Q, 
hex Common-emitter input resistance of QO, 
ic3 Common-emitter input resistance of Q, 

Fraction which relates size of V™ to Vcc and V~ to Ver 
GO, t0 0, Transistors which provide gain and also control levels of V~ and V~ 
Q,; to Q, High-power complementary output transistors 
O7 to. 0, Output transistors in op amp 

Resistor which sets circuit gain and also determines input resistance of 

circuit 

R, Controls circuit gain 
R, Cancels effect of op amp input bias current 
R, to R, Controls magnitude of V‘? 
R, to R, Controls magnitude of V~ 


R, to R, Load resistors for Q, and Q, 
“A Provides dc load for op amp and also affects hee stability 
R, to R, Output current-limiting resistors in op amp 
R, Circuit load resistance 
V, Circuit input voltage 
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Parameter Description 
V, Circuit output voltage 

Va, V; Op amp input and output voltages 

Vie Positive power-supply voltage 

View Negative power-supply voltage 

vo Op amp power-supply voltages 

@, Radian frequency of op amp first pole 

X ce Reactance of C, 


DESIGN EQUATIONS 


Ea. 
No. Description Equation 

1 Voltage gain of complete circuit A,.=— i 

1 
R2 
° ° : 2 Passe es 5 

2 Power gain of complete circuit Ane = Ave hee Re 

3 Voltage at op amp (+) power- vo? Aa R 0.7 
supply terminal 4 5 

4 Voltage at op amp (—) power- Vo= Pe + 0.7 
supply terminal 6 7 

5 Required minimum collector- BV cgo3(min) = BV¢go,4(min) 
emitter breakdown voltage for Seve eel 
Q; and Q, 

6 Voltage gain of op amp Ava= poe a 
transistor QO, with connections teA AIMNA 10 
as shown in Fig. 23.4 (common- 
emitter stage) 

rs Voltage gain of Q, (common- Ay, = (Fal ie) 
base stage) ib1 

8 Voltage gain of QO, (common- Ays = —Bs(Ro||R.) 
emitter stage) ie3 

; : ] R.+R 1/2 

9 Approximate compensation G tee See Cecamors, 

eae eared ; R,AysAyiAys3 AyoR,RyC20, 
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Chapter 24 


Regulators 


VOLTAGE REGULATORS 


All high-quality equipment requires voltage regulators to provide stable 
voltages to the various circuits. In the following pages both low- and high- 
voltage regulators with current limiters will be discussed. Other types of 
voltage regulators to be covered include a shunt regulator, precision refer- 
ence, dual regulator, and switching regulator. 


24.1 CURRENT-LIMITED VOLTAGE REGULATOR 


ALTERNATE NAMES Adjustable power supply, short-circuit-proof power sup- 
ply, precision voltage source, buffered-zener reference supply. 


EXPLANATION OF OPERATION As shown in Fig. 24.1, this voltage source re- 
quires one op amp and two transistors. Q, could be eliminated if current 
limiting is not required. Q, could be eliminated if the op amp maximum 
output current is capable of driving the load. 

Transistor Q, is basically an emitter follower. Its emitter is always approxi- 
mately 0.6 V below its base. The base voltage is provided by the op amp, 
which, in tum, depends on the voltages at each of its two inputs. The op 
amp positive input is fixed at the zener voltage V,. The negative input 
voltage V, depends on the output voltage according to 


VoR, 
Raa 


Since this is negative feedback, the output voltage will remain fixed at a 
voltage which makes V, = Vz. Thus 
y= Va Rect Re) BS V,(R, 4 F,) 
‘ R, R, 

The output voltage is adjusted with the rheostat which is part of R,. 

Regulation against load variations is accomplished as follows: Suppose 
R, is decreased in value such that the output current increases. Since the 
emitter follower has a finite output resistance, V, will drop slightly. The 
feedback voltage V, will also make a corresponding drop. Vy will now be 


Vv= 
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lower with respect to Vp, which will cause the op amp output voltage to in- 
crease. Since the emitter of Q, follows its base voltage, V, will also in- 
crease. This increase of V, will counteract most of the decrease in V, due 
to the increased load. The resultant change in V, will be perhaps 100 or 
1,000 times less than would be expected without feedback. 
Regulation against input-voltage variations AV,,. is assured for three reasons: 
1. The high power-supply rejection ratio of the op amp will almost 
completely prevent variations in V,,. passing through the op amp to V,. 
2. The emitter follower Q, has a very large power-supply rejection ratio 
(usually 80 to 100 dB). Since this stage has a voltage gain of only 1 (approxi- 
mately), coupling of changes in V,, to V, is extremely small. 


Fig. 24.1. Positive-output current-limited voltage regulator. 


3. The only other possible coupling of V,. to V, is through the zener 
reference voltage V,. The relationship between changes in V,,. and changes 
in Vp, is 
_ R,AV,- 

R, 
where R, is the dynamic zener resistance and R, is the resistance between 
V.. and the zener. However, the R, for this circuit is R,, which is tied to 
V,. Therefore, V, keeps the zener-diode voltage Vp constant and Vz keeps 
V, constant. The change in V, with V,,. will be approximately zero. 

Output current limiting is provided with only two parts, Q, and Ry. The 
resistance of R, is chosen such that at a specified output current I,(max), 
the voltage across R, becomes large enough to turn on Q,. This pulls base 
current away from Q,, which causes V, to drop to zero. All load resistances 
smaller than R,(min) will maintain V, at zero and I, at approximately 0.6/R,. 
The pass transistor must be capable of withstanding the power generated 
from 


AV, 


Vee X 0.6 


P ay 


= Vix 1,(max) 
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Current limiting for the op amp is provided with R,;. This extra resistor 
is required if the op amp output cannot be shorted to its negative supply 
terminal, which, in this case, is connected to ground. 

The zener diode Z, provides the reference voltage V,; tothe op amp. The 
quality (and price) of Z, will be the major factor in determining the tempera- 
ture stability of the voltage regulator. Low-priced zeners may have voltage 
temperature coefficients of 0.05%/°C while high-priced units go down to 
0.0005%/°C. Z, is provided with a current I, from the regulated output 
through R;. If R, is properly sized, a temperature coefficient near zero may 
be possible. However, if this is to be a variable output-voltage supply, I, 
will be different for each setting of V,. A two-stage zener-diode circuit may 
be required so that the voltage driving R, is constant. This will also make 
I, constant. 

This circuit makes V, depend on V, and V, depend on V,. Consequently, 
the power supply may lock up into an undesired state at the moment of 
turn-on. A starting circuit composed of R,, R;, and D, guarantees that Z, 
is sufficiently biased even before Q, and the op amp turn on. Once the active 
devices are on, the diode D, becomes reverse-biased and R, provides bias 
for Z,. 

Reduction of ripple and noise on V; is provided by R, and C,. These parts 
are required only in voltage regulators which have very tight noise specifi- 
cations. 


DESIGN PARAMETERS 


Parameter Description 
A; Op amp open-loop gain as a function of frequency 
B Voltage transfer ratio of feedback network = R,/(R, + R;) 
OF Part of filter which makes V, a noise-free reference voltage 
D; Diode which biases Z, until op amp and Q, have turned on 
ee Lowest frequency of noise to be removed from V, (e.g., for power supplies 
operating off 60-Hz power line, make f, < 60 Hz) 
lees Q, current gain 
hie Q, input resistance 
ee Q, collector cutoff current 
I Q, emitter current 
I, Feedback current through R, 
ER Op amp input offset current 
ss Op amp equivalent input rms current noise 
I, Output current of circuit 
I,(max) Maximum output current of circuit (where current limiting begins) 
I, Zener-diode current 
i Zener-diode current for zero temperature coefficient of voltage 
P,(max) Maximum allowable power dissipation in op amp 
Ce Pass transistor (for power gain) 
OF Current-sensing transistor 
R, Part of feedback network which goes to ground 
R, Part of starting circuit 
Re Part of starting circuit 
R, Part of V, filter 
R, Feedback resistor for biasing Z, from a regulated voltage 
Rz Resistor in base circuit of Q, for limiting op amp output current 
Re Resistor in emitter circuit of Q, for current limiting the circuit output 
R, Feedback resistor 
R, Output resistance of op amp 


Dat Output resistance of voltage regulator 
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Parameter Description 
AT Change in temperature 
Vo Positive power-supply voltage (= V., in this circuit) 
Vie Base-to-emitter voltage of Q, 
Vic Power-supply voltage for circuit 
Ve Op amp input offset voltage 
Vi Output voltage of circuit 
Vy Feedback voltage to negative input of op amp 
y's Op amp equivalent rms input noise voltage in volts/ VHz 
Ve Reference voltage established by Z, 
Zi Zener reference diode 
DESIGN EQUATIONS 
Eq. 
No. Description Equation 
1 Resistance of R, + R, R, +R, > R, (to prevent feedback network 
from loading circuit) 
he eae Ve R, 
g Output voltage of circuit if Vi,= = Vrl(1l+ R 
A —— (o's) B 1 : 
. NOTE: Use both Eqs. 1 and 2 to determine 
R, and R, 
3 Output voltage of circuit if v= -. Avs ofieaVers 
A, <© ‘ R1+ BA, 1+8BA, 
R, 
where B= RL +R, 
Vee: = 0.6V 
4 Minimum load current for which [,(min) > I¢9,(max)[1 + hypg,(max)] — I; — Igo 
regulation is assured 
5 Sensitivity of V, to a tempera- AV oe RB,\(_. AVr , AVin\ , Alio 
ture change AT (if Eq. 9 is AT,” (1 si fale AT = 1 i = AT ae 
true) NOTE: Partial cancellation is possible ifAV, 
drifts in opposite direction of AV;, or Al;, 
6 Resistor values R; = Peas 
Iz 
7 R, = 2R; 
R,V 
8 as 2” R 
R, 27 ag Ve 
R,R 
9 _ _ fly 
Ha Rar 
0.6 
10 = 
#  1,(max) 
ee 
ll R,z(min) oe V2(min) 
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Eq. 
No. Description Equation 
1 Closed-loop output resistance 


Rz a higy 
(hee: + 1)BA, 
AV, RaexX 100 

V aoe + Row 


of voltage regulator Rout ~ 


%o 


13 % regulation 


14 Capacitance of C, GC; P55 mg R 
n*"4 
R 2 1/2 
15 Noise in V, due to op amp Von = i + fd rc R13] rms volts 
16 Maximum power dissipation in 0.6V 
QO, if output terminal is sili ia 
E 


shorted to ground 


DESIGN PROCEDURE 


Depending on the design requirements, Eqs. 1 to 15 could be arranged in 
several logical design sequences. The following sequence of steps assumes: 
. A fixed output voltage V, is specified. 
. Feedback resistors should load circuit no more than 2 percent. 
. A, is finite, but high enough that Eq. 3 is not used. 
Minimum R, is specified and maximum R, is to be determined. 
. Stability of V, with temperature is to be calculated. 
. Percent load regulation is to be calculated. 
. Lowest-frequency noise is specified. 
Output noise is to be calculated. 

A slightly rearranged procedure would be required if (1) A, is only 100 or 
1,000, (2) the temperature stability is specified, (3) the percent regulation is 
specified, or (4) the output noise is specified. 


1 PAD TR 69 po 


DESIGN STEPS 


Step 1. Using the minimum R,, choose R, + R, > R,(min). For a first 
cut we may try R, + R,= 100R,(min). Equations 1 and 2 are now solved for 
R, and R;: 
100R, (min)(V, — Vp) 

Vo 
R, = 100R,(min) — R, 


R,; = 


Step 2. R, is found as follows: Using the zener-diode data sheet, de- 
termine the zener current Iz, where Vp, exhibits the smallest change with 
temperature. Many high-quality zener diodes have an optimum bias point 
where the change in Vp is less than +0.0005%/°C. Thus R; = (V, — Vr)/Iz0. 
According to Eq. 7, we also choose R, = 2R;. 

Step 3. Determine the maximum R, by using Eq. 4 and the fact that 
I,(min) = V,/R,(max). Thus, 


R, (max) = LA sg tec et A =e 
‘ I,(min) Ico; (max)[1 + Apes(max) | — I; — Iz 
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pe vo 
R,+ R, 
Step 4. If required, determine the sensitivity of V, to changes in tem- 
perature using Eq. 5. If Eq. 9 is not satisfied, i-e., Ry # R,R,/(Ry + R,), then 


the +AI,,R,/AT term must be replaced with +AI,R,/AT (worst case). 
Step 5. Solve for R, from 


where iF 


FV 5 
Hy a OV ag Ve 
Step 6. Find R, from 

iy 

Nora Re 

and if a low-noise V, is desired find C, from 

10 
oa Qrf,R, 


Step 7. If current limiting is not required, delete Q, and replace Ry, 
with a wire. If current limiting is needed, solve for 


0.6 
I, (max) 


Rp = 


Step 8. If additional short-circuit protection is desired for the op amp, 
find R,(min) from 


R,(min) = a Ve. ees V, 7 hrry alm 


I ,(max) I,(max) 
If this number is negative, no resistor is needed. 

Step 9. If percent regulation is to be determined, first find the closed- 
loop output resistance from 
Roe R, + hy,,(max) 
a (hp (min) + 1)BA, 
then the percent regulation is 

Rou X 100 

R, (min) + Rout 
This is the percent change in output voltage when the load resistance changes 
from © to R,(min). If step 3 does not allow R,(max) = ©, the actual percent 
regulation will be slightly better than computed above. 

Step 10. Noise due to the op amp can be found from 


%o 


% regulation = 


R 2 1/2 
Von = (2 + a V 2h RL rms volts 
Since both V,, and I, vary with frequency, this equation must be solved at 
several frequencies of interest. 


EXAMPLE OF VOLTAGE-REGULATOR DESIGN We will use the 10 design steps to 
design an actual voltage regulator. Experimental data from the actual circuit 
using a 741 op amp will be compared with the calculations of the 10 steps. 


Design Requirements 
V,=15V 
Ve = 20 V minimum 
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R, = 15 02 minimum 
Ve = 6.4 V, 1N4566 

I,,5= 0.5 mA 

f, = 60 Hz 

I, = 1.0 A maximum 


Device Data 
A, > 10% for all frequencies of interest 
Teo, = 2 wA maximum 
hep, = 50 minimum 
AV,, = +10 pVv/°C 
Al,, = —60 pA/°C 
P,g = 300 mW maximum 
hig, = 2,000 O maximum 
V, = 4x 10-8 V/ VHz at 60 Hz 
I,= 3 X 10-” A/VHz at 60 Hz 
AV, = +0.001%/°C = +64 wV/°C (polarity and magnitude depend on par- 
ticular diode) 


Step 1. Since R,(min)= 15 0, R,+ R,;= 100 R,(min)= 1,500 © shall 
be selected. These individual resistors become 
ee eM ee 
_ 100(15)(15 — 6.4) 
= 15 


= 100R,(min) — R, 
= 1,500 — 860 = 640 0 


R, 


= 860 0 


and R, 


Step 2. I, ), the optimum zener current, is 0.5 mA. Thus, 


Voy 
R <3 0 R 
; Iz 
15 — 6.4 
and R, = 34.4 kO 


Step 3. To determine the maximum load resistor (for which regulation 
can be expected) we first must find 


fiat ¥; id Vr 
[= Ber aes 
15 — 6.4 
PTT 10 mA 
We now can obtain 
V, 
By(maz) i I¢01 (max)[1 ai Apg,(max) | su I, wiz Ty 
2 15 
~ 2x 10-81 + 200) — 10°? —5 x 1074 
15 —1,500 0 


BUT OLLe 
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Has something gone wrong in our calculations? No, the reason for the nega- 
tive answer is simple. JI, and Iz, are large enough that they place a constant 
load on the voltage regulator which is larger than the minimum load. Exami- 
nation of Eq. 4 reveals that regulation is possible if I,(min) + I, + Iz9 > 
I.,(max)[1 + hpgi(max)]. This is true for this particular regulator design 
because our feedback currents were chosen to be quite large (~1 percent of 
I,). The maximum R, we may use is therefore ~. 

Step 4. The sensitivity of V, to changes in Vz, V;,, and I;,, with tem- 
perature is 


AV (1 B(. AVa AV) Al; 


AT Rye sAT AT fehl 
860 . uf ps 
= (1 + 50) 04 x 10-6 + 10 x 10-*) — (60 x 10-?)(860) 


= (2.34)(+74 to —54 x 10-8) — 0.052 x 10-8 
= +173 to —126 pV/°C 


The direction and magnitude of this drift in V, with temperature depend on 

the drift of the zener voltage with respect to the op amp input offset voltage. 

If one has enough patience to screen (test) many zener diodes and op amps, 

a pair of devices which have equal and opposite drifts can probably be found. 
Step 5. R, is found from 


pe R.Vp RV 
2 2V0—-=V, 2V.,—Ve 
__ 2(17,200)(6.4) _ 
~ 9(20)-6.4 heat BE 

Step 6. Assume we want the voltage regulator to attenuate 60-Hz 
ripple. If we tune the filter R,C, to a frequency of only 6 Hz, any 60-Hz 
ripple on Z, will be attenuated by a factor of 10(20 dB) before it is applied to 
the op amp. Thus we make 


__R,R, _ 640 x 860 
R,+R, 640+ 860 
10 10 


anc Ci=57FR, ~ (2866) 7 HF 


= 367 0 


Ry 


This may seem an unreasonably large capacitor to use; however, it need only 
be a 10-V device. The same f, can be achieved with R, = 3,670 0 and C, = 
72 uF. The only compromise we make with these new values is that R, is 
not equal to the parallel combination of R, and R;. This choice for R, was 
originally made so that variations of I, with temperature will not affect circuit 
performance. As we saw in step 4, however, I,, does not appreciably affect 
the drift of V,, so variations in J, will not be much worse. We can therefore 
make R, 10 or 100 times larger and use a more reasonable capacitance for C,. 
Step 7. An output-current limit of 1 A is specified, so R, must be 


0.6 — 0.6 


es I,(max) 1 


= 0.6 0 


Step 8. Additional short-circuit protection to the op amp is provided 
by making 
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_ Avg =e ts pg Poq(max) 
ae I,(max) Ye “ I,(max) | 
= 2 20 — 15— ad =—100 0 


Thus no R, is required. 
Step 9. The closed-loop output resistance of the voltage regulator is 
— Rg + hy (max) 
. [hpg,(min) + 1]BA, 
750 + 2,000 


~ (50 + 1)(640/1,500) 104 pe a 


Now we can find the percent regulation as the load changes from R, = ~ to 
Ry — 15 0. 


Hn 


Rou X 100% 


% lation = ————_——_ 
© regulation ini) Sa 


: x 
aUe ee = 0.084 percent 


15+ 0.0126 
Step 10. Noise in V, due to the op amp will be 
R 2 1/2 
Va (2 + a V2 + RjI: | 
1 


1/2 


= (2 + a0) (f x 10-8 + (860)°(3 x 10") 


= 8.95 x 10-* V/ VHz 


This output noise is mostly due to V,,. 
The experimental data confirming the above calculations are as follows: 


R, = 634 0 C,=T7 pF 

R, = 34.40 V, = 15.25 V 

R, = 6,630 0 I,(max) = 1.2 A (down to V, = 13 V) 
Bo 3;690.0 Re = 0050 


R, = 17.26 0 
R, =0.60 
R, =815 0 
R, = 854 Q 
REFERENCES 


1. Tobey, G. E., J. G. Graeme, and L. P. Huelsman: “Operational Amplifiers — Design 
and Applications,” p. 230, McGraw-Hill Book Company, New York, 1971. 

2. Millman, J., and C. C. Halkias: “Integrated Electronics — Analog Digital Circuits 
and Systems,” p. 698, McGraw-Hill Book Company, New York, 1972. 

3. Giles, J. N. (ed.): “Fairchild Semiconductor Linear Integrated Circuits Applica- 
tions Handbook,” p. 144, Fairchild Semiconductor, Mountain View, Calif., 1967. 


24.2 HIGH-VOLTAGE REGULATOR 


ALTERNATE NAMES High-voltage regulated power supply, current-limited 
high-voltage regulator, short-circuit-proof high-voltage supply. 
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EXPLANATION OF OPERATION A 30-V op amp (between + and — supply termi- 
nals) can regulate large voltages if it is biased with zener diodes as shown in 
Fig. 24.2. Zener diode Z, maintains 30 V across the op amp for all possible 
input or output voltages V,, or V,. Zener diode Z, holds the op amp positive 
supply terminal 6 V above V,. Zener diode Z, keeps the op amp inverting 
input terminal 10 V below V,. R, and R, are chosen such that the op amp 
positive input is also held 10 V below V,. Current for Z, and Z, is provided 
by the constant-current source made up of Q3, R,, R;, and Z,. Rg, and Q, 
provide current limiting in the event of a heavy load. The rest of the circuit 


Fig. 24.2 A high-voltage regulator which uses a standard 30-V op amp. 


is described in Sec. 24.1. A filter for the zener voltage (R, and C, of Fig. 
24.1) and starting circuit (R,, Rz, and D, of Fig. 24.1) may also be used in this 
circuit if necessary. 


DESIGN EQUATIONS 


The design equations for this circuit are similar to those of Fig. 24.1 except 
for the following: 


Eq. 
No. Description Equation 
1 Output voltage V, = Walt Re + Ry) 
f 
2 Resistor values R, = 100(V, — Vzz) 
I,(max) 
3 eo 100) Va... R, 
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Eq. 
No. Description Equation 
Vz, — 0.6 
4 R, = ————4™———— 
: In, + Ig3 + ties Iz, 
where I,, = optimum Z, current 
I,, = optimum Z, current 
L,, = optimum Z, current 
I4q = nominal op amp supply current 
Vz4 = nominal Z, zener voltage 
5 Areva a steasos 
Ty 
6 R == V, Viz 
; I72 
where V, =nominal Z, zener voltage 
Iz. = optimum Z, current 
Vi,+ V. V. 
7 as Z1 Z3 
where V,, = nominal Z, zener voltage 
V3 = nominal Z, zener voltage 
EN Ae US ed eee wanes eal ei ee ee ee 
REFERENCE 


1. English, M.: Applications for Fully Compensated Op-Amp ICs, EEE, January 1969, 
“oP e yA 


24.3 SHUNT VOLTAGE REGULATOR 
ALTERNATE NAMES Shunt regulator, parallel regulator. 


EXPLANATION OF OPERATION The shunt method of voltage regulation is used 
when high output-to-input current isolation is required. Ifthe prime source 
of power must deliver a constant load current even though load resistance 
changes are expected, this regulator is recommended. The circuit keeps [,, 


at a constant value of I, + I, + current into R,, R,, and the op amp (see Fig. 
24.3). 


Fig. 24.3 Shunt voltage regulator. 
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If the output voltage tries to drop owing to an increased load-current de- 
mand, the following occurs: less current flows through R,, which makes V, 
drop slightly. Since V, is attached to the positive op amp input, the op amp 
output will drop. This reduces the base bias of Q,, which accordingly re- 
duces I,. The reduction in I, will be almost exactly equal to the increase 
in I,. The input current I... will remain essentially constant. 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Output voltage Vi.=Vr fe 
1 
2 Resistor values R; = Vee 7 Vo 
where I. = I,(max) 
2) R, = V, i= Vz 
I, 
where I, = optimum zener current 
4 R, 100 V, 
| es 
100 V, 
V, 
6 Ry = re 
REFERENCE 


1. Denker, J. B., and D. A. Johnson: Hybrid Approach to Regulation Solves Power 
Supply Problems, Electronics, Aug. 2, 1973, p. 91. 


O.luF 


IN4768 


Fig. 24.4 Precision voltage reference. 
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24.4 PRECISION VOLTAGE REFERENCE 
ALTERNATE NAMES  Reference-voltage source, precision power supply. 


EXPLANATION OF OPERATION High-quality reference diodes used for pre- 
cision sources have good voltage stability only if their current remains stable 
with time and temperature. The zener current is chosen such that the zener 
voltage has a very small temperature coefficient. In Fig. 24.4, the zener 
current depends on the choice of R,, R,, R;, and V,. Likewise, V, depends 
on R,, R,;, and Vz. Since Vp and I, are given on the zener data sheet, we 
obtain two equations with three unknown resistances. It is therefore recom- 
mended to pick R, and solve for R, from the V, equation. The Iz equation can 
then be used to determine R,. 


DESIGN EQUATIONS 


Description Equation 
Output voltage V,= VAR - + Ry) 
f 
VR 
Zener-diode current = be 
7 R,(R, + Ry) 
PS a 
or Iz= an 
Voltage at op amp inverting input V,= VoRy =TR 
g p p inv g p 1 R, re R, zh» 


REFERENCES 


1. Goldfarb, W.: Single-Supply Reference Source Uses Self Regulating Zener, Elec- 
tronics, June 7, 1973, p. 107. 

2. Shah, M. J.: Stable Voltage Reference Uses Single Power Supply, Electronics, 
Mar 13, 1972,.p. 74: 


24.5 DUAL VOLTAGE REGULATOR 


ALTERNATE NAMES Tracking regulator, dual op amp supply, dual-polarity 
supply. 


EXPLANATION OF OPERATION The stability of voltage regulators ultimately 
depends on the quality (and cost) of the reference diode. Many times both 
positive and negative supplies are required. This is often implemented by 
using two separate reference diodes and associated power-boosting circuitry. 
The circuit of Fig. 24.5 allows the use of only one reference diode for both 
supplies, which results in a considerable cost savings. 

The + and — output voltage need not have the same absolute magnitude. 
Since the reference diode most likely to be chosen is the 6.4-V variety, R, 
and R, will each have 3.2 V applied across them. The op amps merely 
amplify these two voltages to produce V,(+) and V,(—). R, and R, in each 
op amp circuit can therefore be independently chosen to produce nearly 
any + or — voltage combination. 

Z, is a preregulator made up of a standard low-cost zener. It helps maintain 
a constant current through Z,, which is required for a highly stable Vp. Rg is 
chosen to lessen the effects of input offset-current drift in the op amps. If 
R,(+) and R,A+) have resistances much different from R,(—) and R,—), a 
separate R, may be needed for each op amp. 
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Vas (+) © 


O Ground 


Fig. 24.5 Dual voltage regulator. 


DESIGN EQUATIONS 


Description Equation 


Positive output voltage V,(+) = RAY) Vet) 
Negative output voltage V.(-) = R«—-) Va(-) 


VeRs 


Pe VR 
Valo) = eer 


Reference voltages VR(+) = 


< — 1 R R 
Offset drift-reducing resistor R, = average of RAS ESRS) and R(+) + Bi) 


Resistor values R; = wer Na 
R 


where I, is the optimum Z, current 
2g N qelet TV gla )icoW x 

21, 
where I, is the optimum Z, current 
> 10 Vz 
= ar 


R, 


R,=R,; 


R,(+) or R(-) = ~~® 
R 


(These two equations prevent excessive loading of 
Ve) 
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REFERENCE 


1. Jones, H. T.: Build a Dual Voltage Regulator for $11, Electron. Des., Dec. 23, 1971, 
p. 70. 


24.6 SWITCHING VOLTAGE REGULATOR 


ALTERNATE NAMES Switching-mode regulator, switching regulator, buck 
regulator. 


EXPLANATION OF OPERATION The switching regulator is used in applications 
where small size and/or high efficiency is required. These advantages come 
about because the series pass transistor Q, switches between totally on and 
totally off on a periodic basis. Typical operation frequencies are 5 to 100 
kHz. The switching time of Q, must be quite small compared with the on or 
off times if efficiency is to be kept high. 


Re (equivalent 
series resistance 
of C) 


Fig. 24.6 Switching voltage regulator. 


Referring to Fig. 24.6, the circuit operates as follows: Assume, for a start, 
that V, is rising and suddenly V;, > Vp + Vy. The op amp output will ac- 
cordingly be driven negative —turning Q,, Q,, and Q, off. The current which 
had been flowing in Q,, L, and R, cannot be turned off instantaneously when 
Q, is turned off. The stored inductor current will therefore flow up through 
the diode. The current will decay, since it has no driving source, and cause 
V, eventually to drop. When V, drops, this causes V, to drop below Vz. The 
op amp then goes positive. Q,, Q,, and Q, are turned on and the inductor 
current begins to increase. This continues until V; > Vz + Vy, which com- 
pletes one cycle. Figure 24.7 shows currents and voltages in Q, and D during 
the on and off times. 
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Io 
Ty Toff ton 
O 
Veet Vp (on) 
Vr 
Vr(on)<1 V 
lo 
Ip 
O 
Vec = Whar (on) 
Vo 
< Zero 


Fig. 24.7 Idealized voltage and current waveforms of the switching regulator. 


DESIGN EQUATIONS 


Description Equation 


fave 
Approximate output voltage V, = ae 


(see Fig. 24.7) ton + tote 
Values for inductor and L= (Vee — Vo) ton 
2 es i 
capacitor 
C= Vie Tn Ve 
4n*f?Lv,. 


where I, = peak-load current (usually 5 to 20% 
larger than I,) 
I, = rated-load current 
V,= maximum allowed peak-to-peak ripple 


voltage 
Operating frequency Lee t ; t 
on off 
Se R.Va(Vec bet Va) 
VeVver 


NOTE: The exact V, and f, must consider the rise- 
time t, and fall time t, of Q, 


Resistor values R, = Voc — Vr 
I, 
where I, = optimum zener current 
10 R,V, 
Re if hens TAG Ve 
R, = 10R, — R, 
R, V cB Bo 
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Description Equation 


where £8, and £, are the minimum current gains of 


Q, and Q, 
R, =s Bi Bo B3Vec 
i, 
R,=R,; 
_ ReVe 
: Vi _ Vr 


REFERENCES 
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1969. 
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3. Olla, R. S.: Switching Regulators: The Efficient Way to Power, Electronics, Aug. 16, 
1973, p. 91. 
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CURRENT REGULATORS 


Current regulators, i.e., current sources, come in two classes. One class is 
those devices which provide a source of constant current. The other is often 
called voltage-to-current converters, wherein the output current is a function 
of the input voltage. These two classes, in reality, can be performed by the 
same circuits. The first class merely clamps the input terminal to a fixed- 
voltage source, thereby providing a constant output current. In all the cir- 
cuits to follow, the voltage source can be replaced by an input-voltage 
signal to change the circuit to a voltage-to-current converter (see Chap. 4). 

Current regulators are called upon to handle floating loads (both leads off 
ground) and grounded loads (one lead grounded). We will present a circuit 
for each type. Only those types capable of handling load currents under 
several amps will be discussed. 


24.7 FLOATING-LOAD CURRENT REGULATOR 


ALTERNATE NAMES Current source, voltage-to-current converter, voltage- 
to-current amplifier, transconductance amplifier, current sink, constant- 
current regulator, controlled current source, unipolar current source. 


EXPLANATION OF OPERATION Current sources are always made with a simple 
application of Ohm’s law: I, = V,/R,. Thus we merely need a voltage am- 
plifier with a fixed output V,, and a sampling resistor R, for the output current 
I,. The feedback voltage is generated across R,. Any tendency for I, to 
change will be reproduced by a change in V,. This change is fed back to the 
input through the feedback resistor R,, resulting in a correction which re- 
stores both V, and I, to their original values. Figure 24.8 shows a typical 
way this is performed if the load resistor R, must have both terminals off 
ground. The input voltage V, is generated by a zener diode which is chosen 
according to the stability requirements of I,. 
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Fig. 24.8 Current regulator for a floating 
load (i.e., where both leads of the load are 
off ground). 


The output voltage at V, is com- 
puted from the basic formula for a 
noninverting amplifier: 

ValRy + Ry) 

R, 
If R, is at least 100 times larger than 
R,, the output current is 


VYo= 


Vo 
I,= R, 
Combining these two equations 
yields 
 —VelR;+ Ry) 
5 RiR, 


Note that I, is totally independent of 
R,. However, if R, gets too large, QO, 
will saturate as it attempts to main- 
tain I, at a constant value. The cur- 
rent will then fall off as R, is further 


increased. That is, when R, + R,=V,-/I, is reached, the current I, will begin 


to vary according to 


Hi — Nie 
° R,+R, 
DESIGN PARAMETERS 

Parameter Description 
AS Open-loop gain of op amp at de 
I, Output current of circuit 
ie Optimum zener-diode current 
P, (max) Maximum allowable dissipation for Q, 
Q, Buffer transistor to increase output-current capability of circuit 
By Part of feedback network 
R, Resistor used to optimize zener current 
R, Feedback resistor 
R, Load resistor 
Bou Output resistance of current regulator 
R, Current-sensing resistor used for feedback control of I, 
Ws Input voltage (positive power supply) 
Ve Voltage across sense resistor 
V, Zener voltage 


DESIGN EQUATIONS 


Description 


Equation 


Output current into load resistor R, 


Output resistance of circuit driving R, 


(but not including R,) 


7 — ValR, + R,) 
: R,R, 


eg Ma aliteaedi ftir 
out R, + R, + RB, 
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Description Equation 
Maximum allowable R, after which R, (max) = te — R, 
I, will not remain constant : 
Voltage at transistor emitter Ve= Val Re Rs BAL) 
= os 
V,R 
Vol ab Tek tol ae 
oltage at V, V, R. +R, 
Resistor values R, = Vc = fuiman! 
R, = 100 R, 
pees 
ER, ad Vr 
a R,R, 
ee Fahy 
R, Ve = Vr 
Izo 


REFERENCE 
1. Analog Devices, Inc., Analog Dialogue, vol. 2, no. 1, p. 4, March 1968. 


24.8 GROUNDED-LOAD CURRENT REGULATOR 


ALTERNATE NAMES ‘These are the same as those for the last circuit plus 
single-ended current source. 


EXPLANATION OF OPERATION Operation of this regulator is similar to that of 
the floating-load current regulator. In this case, however, the current- 
sampling resistor R, is floating and the load resistor R, has one end grounded. 
Since R, is floating, two feedback resistors R, and R, are required. The con- 
ventional feedback resistor R; samples the current and R, provides a reference 
voltage from the other side of R,. If R, was deleted, both R, and R, would 
become sampling resistors. The current through R, would then be deter- 
mined by the resistance of R,. A true current regulator puts out a current 
totally independent of R,. 

With R, connected, the output current is 


_RVp 

SRB: 

if the following is satisfied: R, = R, and R;=R,+R,. If R, + R,; > R,, the 
output resistance of this current source is 

9 

AR 

where R is the least accurate resistor of R,, R;, Rs, and R4, and AR is the num- 
ber of ohms by which that least accurate resistor deviates from the ideal. The 


ideal resistances are determined from R, = R, and R;,=R,+R,. If R, and 
R, have small trimming potentiometers in series with them, R,,; can be 


I, 


aves = R, 
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trimmed to almost infinity. However, resistor changes with temperature 
must be recognized, since a very small change will quickly reduce the output 
resistance. The voltage source driving R, has a source resistance which 
must be added to R, to determine the true R,. If the voltage follower is used 
as shown in Fig. 24.9, the source resistance will be much smaller than 1 2. 
If R, is very large, say more than 100 kQ, the source resistance will be negli- 
gible. 

If a negative current source is required, the following changes to Fig. 24.9 
must be done: 1. V, must drive the grounded side of R, and the left side of 
R, must be grounded, 2. Q, must be replaced with a PNP transistor with 
a —V applied to its collector. 


Fig. 24.9 Grounded-load current regulator. 


DESIGN PARAMETERS 


Parameter Description 

q; Output current 

Ls Optimum zener-diode current 

P, (max) Maximum allowable power dissipation of Q, 
QO, Buffer transistor to provide high output currents 
R Any of R,, R3, Ra, or R; 

R, Part of feedback network 

R, Establishes optimum current in zener diode 
R, Part of feedback network 

R, Part of feedback network 

R, Part of feedback network 

R, Load resistance 

R, Current-sensing resistor 

AR A small change in any of R,, R;, Ry, or R, 
pet Positive input voltage to circuit 

V, Output voltage at R, 

Vr Reference voltage of zener diode 


a Zener diode 


DESIGN EQUATIONS 


Description 
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Output current into load 


resistor R, 


Output resistance of 
current source 


Maximum allowable 
load resistor 


Output voltage across 


L 


Resistor values 
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Chapter 25 
Sampling Circuits 


INTRODUCTION 


Two classes of sampling circuits will be presented in this chapter: (1) real- 
time sampling circuits, simply called multiplexers, and (2) delayed sampling 
circuits, called sample-and-hold (S/H) multiplexers. The multiplexer term 
implies that two or more inputs converge to a common output. The number 
of inputs is determined by system requirements and could conceivably be 
100 or more if certain design rules are followed. However, one must pay a 
price for many inputs. Sampling time per input channel must be lower. 
Crosstalk and loading from other channels increase with large numbers of 
channels. These problems are present in both real-time multiplexers and 
S/H multiplexers. 

This chapter contains design data on three types of sampling circuits. An 
FET real-time multiplexer using CMOS switches will be presented first. 
The errors expected in an FET multiplexer will be detailed. The second 
circuit is a real-time multiplexer which uses precision op amp gates. This 
circuit has extremely good accuracy but suffers from limited input range. 

A sample/hold circuit will also be described in detail. The discussion will 
explore the conflicting requirements of speed and accuracy. This particular 
type of S/H circuit was chosen for presentation since it is available from 
several manufacturers on a single chip (except for the holding capacitor). 


25.1 FET MULTIPLEXER 


ALTERNATE NAMES Analog multiplexer, multichannel sampling circuit, ana- 
log commutator, multichannel analog switch, CMOS multiplexer, MUX. 


EXPLANATION OF OPERATION Either junction field-effect transistors (JFETs) 
or metal-oxide semiconductor FETs (MOSFETs) can be utilized as the 
switching devices in a multiplexer. If MOSFETs are used, the comple- 
mentary type, CMOS, is recommended, since it provides the best overall 
performance. These devices are available in large arrays which are optimized 
for this application. 

Figure 25.1A shows a representative four-channel CMOS multiplexer. 
The detail of each switch is shown in Fig. 25.1B. By paralleling an N-channel 
with a P-channel FET, the interaction between the gate voltage and the 
source voltage is minimized. This interaction is explained as follows: The 
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drain-to-source on resistance Rp, in an ideal FET is determined only by the 
voltage on the gate. In a real FET, however, Rp; depends on the voltage 
between gate and source or between the gate and drain, whichever is smaller. 
This is not usually a problem in the FET OFF state, since the gate is pulled 
to a large enough + voltage that the source or drain voltage cannot bring the 
FET into the conductive state. When the FET is ON, however, the drain- 
to-source resistance is modulated by the drain (or source) voltage. This un- 
desirable feature is called resistance modulation. The parallel CMOS switch 
reduces resistance modulation to a second-order error. This is possible since 
the resistance vs. Vz, curves of the two devices have opposite slopes. The 
ON resistance remains almost constant as V, or Vp vary from zero to maximum. 

The errors due to a nonzero R,,(on) are further minimized by using a non- 
inverting op amp circuit at the output node of the four switches. The input 
resistance of a noninverting op amp circuit is approximately 


Rin a AyoRia 
The voltage gain of the circuit from a typical input, say v,, is therefore 
Uo Rin 


oe ae Rpsi(on) + Rin 


If a 1 percent accurate multiplexer is required, R;,(min) must be at least 100 
times larger than Rps(on,max). Likewise, a 0.1 percent circuit requires an 
R;n(min)/Rps(on,max) ratio greater than 1,000. 


Vg 


Fig. 25.1. A four-channel CMOS multiplexer (A), a detailed diagram of one switch and 
its driver (B), and the equivalent circuit of a switch (C). 
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Another dc error source which should be considered in a high-accuracy 
MUxX is the leakage current through the OFF switches. These currents can 
be converted to equivalent leakage resistances to simplify error calculations. 
Assume that S, is on and all other switches are off. If v,, v3, and v, all equal 
zero (and all have small source resistances), we assume that the three leakage 
resistances of S,, S3, and S,4 are connected in parallel to ground. In this case 
it appears that a resistance of 


1 


R ee _ Sa iinet Bee snes eee ee ed 
 — 1/Rps2(off ) + 1/Rps3(off) + 1/Rys4(off ) 


is shunted from v; to ground. The voltage gain of the entire circuit, assum- 
ing an ideal op amp and nonideal switches, is then 


pene Sek ep tne 
- v Rpg, (on) + R, 


The ratio Rp<(off)/Rp;(on) must be much larger than 1,000 if a 0.1 percent 
MUX is required. 

Attenuation of high frequencies through the multiplexer can be caused by 
either op amp limitations or FET output capacitance. The —3-dB frequency 
of the op amp is simply its unity-gain crossover frequency if the noninverting 
configuration shown in Fig. 25.1A is utilized. The —3-dB frequency of each 
FET switch is ',7R,,(on)C,. Since the output terminals of all four switches 
are in parallel, C, must be multiplied by four to determine the actual —3-dB 
frequency due to this cause. 

If high-speed commutating operation is required, several other factors must 
be investigated. The FET switch driving circuit is often slower than the 
switch itself. The op amp unity-gain bandwidth must also be adequate. 
Manufacturer's data should be consulted. 


DESIGN PARAMETERS 


Parameter Description 

A; Wide-bandwidth operational amplifier which is stable with 100% 
feedback 

Ayo DC open-loop voltage gain of op amp 

Aas Closed-loop voltage gain of circuit from any particular input to the 
output 

C; Input capacitance of an FET switch 

G; Transfer capacitance of an FET switch 

: Output capacitance of an FET switch 

fe: The pole frequency of the circuit (where voltage gain has been re- 
duced 3 dB) 

MUX Multiplexer 

Rpsy(on) On resistance of FET switch No. N 

Rpsy(off) Off resistance of FET switch No. N 

Ri Differential input resistance of op amp 

Rin Closed-loop input resistance of op amp 

R, Parallel resistance seen at op amp input due to OFF switches 

Sto S$, Sy FET switches, Nth FET switch 

0, 10:05 Voltages as shown in Fig. 25.1 

Vip Maximum positive voltage applied to CMOS gates (i.e., drain volt- 


Vs to Vs4, Vsw 


SS 


age) 
Drive signals for FET switches, Nth drive signal 
Largest negative voltage applied to CMOS gates (i.e., source voltage) 
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DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Voltage gain from any input v, , a 
to vu, to v, assuming ideal op Aye = = t= SH tH 1 
vy 2 3 U4 


amp and switches 


2 Voltage gain from a typical input 
i j Vo R, Rin 
(say v,) assuming nonideal op A.v=—= ie RO ee 
amp and switches v,  Ropsi(on) + R, | Rin 


3 Approximate input resistance of _ 
op amp Rin 7 AyoRia 


4 Shunting resistance of off 1 


switches assuming S, on and 2. = —— eee 
SHUNSSED i L— T]Rys:loff) + 1Rpssloff) + 1/Rpsaloff) 


° Bandwidth of circuit assuming 1 


an ideal op amp (S, on and S ee 
toss) off) : : few QaRpsi(on)(Cor + Cor + Cos + Coa) 


6 Maximum signal levels allowed 


imi Vss = 0, = V 
for v, (v, to v, are similar) SS 1 DD 
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25.2 PRECISION GATE MULTIPLEXER 


ALTERNATE NAMES Analog multiplexer, analog commutator, multichannel 
analog switch, multichannel sampling circuit, MUX. 


EXPLANATION OF OPERATION Although this circuit is useful only for negative 
input voltages, it is popular because of its simplicity and high accuracy. If 
only a three-channel input is required, such as that shown in Fig. 25.2, a 
quad op amp along with several easily available resistors and diodes pro- 
vides a low-cost multiplexer. This circuit also allows us to adjust the gain of 
each channel independently (Ref. 1). 

The three input circuits are essentially precision rectifiers. For example, 
if vs, = 0, the A, circuit has a gain of 


a PERS ire te 
R, if v, = 0 
or “49 if v, > 0 
Vv, 


The diode D, is reverse-biased in this case, so vs, has no effect on the preci- 
sion rectifier action. However, if vs, is >1 V, D, is forward-biased. This 
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R, Ro “4 Rio 
Vy O 
> 
R; Dy 
Ys; 0 ve 
Roe 
Ry _ Rs Vs Ri Ri3 
Vo @ 
a 
Re Ds OV, 
Ys2 O > 
RO, | 
R, ~~ Rye 


Re 
V3 O 
& 
D 


Fig. 25.2 A three-channel multiplexer utilizing precision gates (useful only for nega- 
tive input voltages). 


clamps the output of A, to negative saturation, since D, is reverse-biased and 
the feedback loop is opened. In this case v, = 0 for all values of v, as long as 


lui] Us 

Bight 
If v, gets more negative than this inequality allows, v, will become positive. 
R, is usually made much smaller than R, so that the inequality will be easily 
satisfied. 

The output signals from the precision rectifiers are summed into the A, 
adder circuit. This provides another phase inversion. Thus v, will always 
be negative, since v,, v,, and v, are required to be negative. Resistors Ro, 
R,,, and R,. provide another opportunity for independent adjustment of the 
gain of each channel. 


DESIGN PARAMETERS 


Parameter Description 
A, to A; Op amps used in precision rectifiers 
A, Op amp used in adder circuit 


Pe D> DD Ds Diodes used in A, to A, feedback circuits to provide preci- 
sion rectification 
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ee 


Parameter Description 

cama aris iy ana TNT Rae wate ES 0s sO te 

Dee, Des D5 Dee Dis Diodes used to isolate vs, to vs3 from v, to vz; when Us; to Us3 
are = zero 

Re Rs Ra he, Poa Resistors which determine gain of A, to A; circuits 

Ba Re Bs Resistors used to limit currents in D,, D,, D;, Dg, Dy, Dy and 
also to provide a reasonable load resistance for vs;, Use, and 
Us3 

Reha Rieti Resistors which determine voltage gain of adder circuit 

U0, tO U6 Voltages as shown in Fig. 25.2 

Vs, tO Us3 Rectangular input waveforms used to control on-off status 
of A, to Ag 


ee 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Voltage gain from v, to v, _ RRs 
v, assuming vs, > 1 V vn Fait, 
2 Voltage gain from v, to v, _ RsRis 
v, assuming Us. > 1 V a. RGR 
3 Voltage gain from v, to v, _ ReRis 
v, assuming vs3 > 1 V bee Ratt. 
4 Maximum allowed Bite R;vs; 
(negative) v, Y1lmax R; 
5 Maximum allowed Rata Ryvso 
(negative) v, V2 |max ie 
6 Maximum allowed Pate R053 
(negative) v, Usimax R, 
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25.3 SAMPLE-AND-HOLD CIRCUIT 
ALTERNATE NAMES Sample/hold circuit, S/H, sampling circuit. 


EXPLANATION OF OPERATION As shown in Fig. 25.3, an S/H circuit requires a 
high-output-current op amp (A,), a high-quality switch (S), a low-leakage 
capacitor (C), and an output op amp (A,) which has a low input bias current. 
The input op amp must be capable of driving a capacitive load without any 
hint of instability. The switch must have a high Rp,(off)/Rps(on) ratio so that 
C can quickly charge to its peak value and maintain that value with minimal 
droop between sampling times. This switch must also have very small cou- 
pling between its digital input and analog output. This coupling would 
allow switching transients (which occur at S turn-off) to change the final 
voltage stored on C. Lastly, the output op amp bias and offset currents (and 
their change with temperature) must be small. 

Circuit operation is fairly straightforward. The input op amp (A,) main- 
tains v, at the same potential as v,. During the sampling interval T,, the volt- 
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age v, is deposited on C by the closure of S. After T, terminates (when S 
opens), the voltage v, is maintained on C for a duration T, until the next sam- 
pling interval. Op amp A, holds the transferred value of v, on its output v, 
for the entire T, duration. 

We will now consider the effect of nonideal parameters on the S/H circuit 
performance. The holding capacitor must be carefully sized. The following 
constraints limit the maximum size of C: 

1. Op amp A, must have a current drive capability of at least 


_ C[v,(max) — v,(min) 


Acquisition time 
Droop voltage 


Fig. 25.3. A basic sample-and-hold circuit (A). Exaggerated output waveform (B). 


2. The maximum ON resistance of S and the sampling time T, con- 
trols the upper limit for C. If a 1 percent S/H is required, we need T, > 
5 Rps(on,max) C. Ifa0Q.1 percent system is desired, make T, > 7 Rps(on,max) 


Both the above factors tell us that a large C requires a large sampling time 
T,. A high current-drive capability from A, and a low ON resistance for S 
are also mandatory if C is large. At the other end of the scale, however, if C 
is too small, other problems show up. These problems are listed: 

1. During the hold period, T, leakage currents through C, S, and the A, 
input will easily discharge a small capacitor. 

2. The gate-to-source (or gate-to-drain) capacitance transfers charge 
to/from C when the gate waveform turns S off. This error adds or subtracts 
from the sample voltage stored on C. If C is small, the error is more pro- 
nounced. 


25-8 SAMPLING CIRCUITS 
Monolithic circuits are available which contain A,, A,, and S on a single 


chip. Each of these devices is optimized according to the trade-offs itemized 
above. 


DESIGN PARAMETERS 


Parameter Description 

A, High-current-driver op amp 

A, Op amp with high input resistance 

Ase Closed-loop voltage gain of entire circuit 

C Holding capacitor 

Cep Gate-to-drain capacitance of switch 

f ieee Maximum output current available from A, 

N Variable used in accuracy calculations 

R. Leakage resistance of C 

Ros Drain-to-source resistance of S 

R,, Common-mode input resistance of A, 

S Electronic switch 

S/H Sample and hold 

i Sampling time 

ie Time between samples 

0, tO v5 Voltages as indicated in Fig. 25.3 

v3(droop) Voltage droop on C during hold time T, 

Avs Error voltage added to (or subtracted from) v3; owing to 
Cen 

Av, Change in gate voltage of S 

V@) Power-supply voltages 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Voltage gain of circuit during Tye 
sample time ee 
2 Required output-current = C[v,(max) — v,(min) ] 
capability of A, mek T, (min) 
3 Required sampling interval T, T,(min) = 5Rps(on,max)C for a 1% S/H or 
T, (min) = 7Rp,(on,max)C for a 0.1% S/H 
4 Magnitude of error voltage A hee Av .Cep 
deposited on C when v, changes OS eo CEE Ges 


by Avg 


5 Maximum droop of voltage v; * T 
during T, v;(droop) = va(imax)| = exr(—R5) | 


where BS R,-\|R.\[Rps(off) 


DESIGN PROCEDURE 


We begin this procedure by assuming that T,, A,,, v,(max), v,(min), and Avg 
are fixed by the system into which this S/H circuit is to be installed. The 
S/H circuit accuracy and droop are also specified. We also assume A,, Ag, S, 
and the type of holding capacitor have been selected. Our job is to compute 
the capacitor size, the voltage error of v, (and v,) caused by Avg, and the droop 
of v, (and v,) during Ty. 
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DESIGN STEPS 

Step 1. Equation 5 is rearranged to determine C: 

> are ats cee NE pees al senha) Se 

~ R In{v,;(max)/[v3(max) — v,(droop) ]} 

where R = R,,||R.||Rps(off) 

A value of R,. can be obtained from the specification sheet for the type of 
capacitor used even though the exact capacitance of the capacitor is not known 


until the calculation above is performed. 
Step 2. Choose a value N from the following table: 


C 


Required Sampling Accuracy, % N 
10 3 

1 5 

0.1 fe 

0.01 9 


Calculate a first-cut sampling time T, using a modified form of Eq. 3: 
T,(min) = NR,ps(on,max)C 
Determine a second-cut sampling time using a rearranged Eq. 2: 
T,(min) = C edn — v,(min) | 
Use the higher of the two values calculated above for the actual T,. 


Step 3. Use Eq. 4 to find the approximate holding error due to switch 
capacitance. 


S/H CIRCUIT DESIGN EXAMPLE Suppose we want to sample and hold a speech 
signal before it is sent into an A/D converter. We will assume the highest 
audio frequency of interest is 5 kHz. According to the rules of sampling, 
we must sample at a frequency of at least 10 kHz. Thus T, ~ 1/10*= 100 ps. 
The maximum input- and output-voltage levels are specified. The gate 
drive of S is also given. 


Design Requirements 
T, = 100 us 
v,(max) = +10 V 
v,(min) = 1 V 
Av, = 15 V 
v;(droop) = 0.01 V 
VrN=+15V 
V© = ground 
N= 5 (1 percent accuracy) 


Device Data 
Imax = 10 mA (A, = 1/4 LM324) 
Rps(on,max) = 1,000 0 
Cop = 4 pF (S = ¥, CD4016) 
Rps(off,min) = 1.5 x 101! 0 
R,.= 1.5 X 102.0 a 
R, (min) = 2,000 2 a) 
R. = 108 0 (polycarbonate capacitor) 
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Step 1. The holding capacitor is 


Ace od nN TS a ea 
— R In{V3(max)/[V3(max) — V;(droop) ] } 


1074 
> 0. 
(5 x 10105]. x 10") Inflo(lo — 0.01] = °'* PF 
This capacitance is unreasonably small because the leakage resistances are 
so high. Assume a reasonable capacitance of 100 pF is used for C. 
Step 2. We let N=5, since al percent circuit is required. The first-cut 
T, (min) is 


= 


T,(min) = N Rps(on,max)C 
= 5(1,000) 10-#°= 0.5 us 


The second-cut T,(min) is 


T (min) = ©Leeimax) — e6{min)! 
_ 107410 — 1) 


= Gall eee 0.045 MS 


It appears that the risetime of the voltage on C is constrained more by Rpgs(on) 
than it is by Imax. We therefore let T, = 0.5 ps. 
Step 3. The approximate holding error due to C¢p is 

id Av Con 

Csr. Ge. 
_ 15(4 x 1072) 

107° + 4x 10°" 
This error is 5.8 percent of v,(max) and 58 percent of v,(min). If we raise 


C to 1,000 pF, these errors are reduced to 0.58 and 5.8 percent, respectively. 
Step 3 must also be redone. The new T, is 5 us. 


Av, 


= 0.58 V 
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Chapter 26 
Time and Phase Circuits 


INTRODUCTION 


This chapter contains design information on two types of circuits. The first 
two sections describe circuits which control the phase lead or phase lag of a 
system without affecting gain. The relationship between frequency and 
phase will be thoroughly presented. 

The last circuit in the chapter presents a method of delaying a bilevel signal 
by a specified time. This can also be done with a timer IC, but the circuit 
shown here can be implemented with one-fourth of a quad op amp and 
several other parts. The required board space is less than required with a 
timer IC. The use of an FET input op amp allows time delays of days or 
weeks to be implemented. 


26.1 PHASE LEAD/LAG CIRCUIT 
ALTERNATE NAMES Lead/lag circuit, all-pass circuit, constant-amplitude 
phase shifter. 


EXPLANATION OF OPERATION ‘This circuit provides a phase adjustment of 
v, with respect to v, from —180 to +180° (Ref. 1). The voltage gain remains 


Re 


Fig. 26.1. A single op amp phase-adjustment circuit which can provide either a lead 
or a lag. 
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constant at 1/5 for changes in either frequency or phase adjustment. The 
phase adjustment is accomplished by simultaneously changing R, and R, or 
simultaneously changing C, and C,. If an easier method of adjustment is 
required, the circuits shown in Sec. 26.2 are recommended. 
If R, = 5R,, the voltage transfer function of the lead/lag circuit is 
a 1 1—jx/3 
ie Oi DEL AO 
where X = 27 fRC — 1/27 fRC 
R=R,=R, 
G 


Phase shift, deg 


Fig. 26.2 The output phase of Fig. 26.1 relative to its input phase. 


The voltage gain is always 1/5, since the absolute magnitude of 1 — jX/3 is 
always equal to that of 1 + jX/3. 
The phase shift of the circuit can be expressed as 


@ =—2 tan (5) 


If 2afRC approaches dc, ¢ approaches +180°. This provides the normal 
inverting gain of —1/5, since C is open-circuited at dc. As 2afRC increases 
to unity, the phase shift becomes zero. Lastly, when 22fRC approaches 
infinity, the phase shift approaches —180°. 


DESIGN PARAMETERS 


Parameter Description 

Ce GC, Part of phase-shifting network 

C Common value for C, and C, 

fs Frequency in hertz 

ob Phase shift in degrees 

Rooks Sets voltage gain of circuit at 1/5 
ROR: Part of phase-shifting network 
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Parameter Description 

R Common value for R; and R, 

X Variable used in Eq. 1 

v1 Input voltage (reference phase) 

Ve Output voltage (phase-shifted relative to v,) 


DESIGN EQUATIONS 


Eq. 
No. Description Equation 
ae lel =~ jX/3 
1 V Pe Vege a SY si ad 
oltage transfer function of circuit A,; b, BL +jX/3 
where X = 27fRC — 1/2a7fRC 
R=R,=R, 
C=C,=C, 
; aps 
2 Phase shift of v, relative to v, @ =—2 tan“! & 
3 Required relationship between R.=5R 
R, and R, + ae 
REFERENCES 
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26.2 ADJUSTABLE LEAD/LAG CIRCUITS 


ALTERNATE NAMES All-pass circuit, constant-amplitude phase shifter, lead 
network, lag network. 


EXPLANATION OF OPERATION Figure 26.3A is an adjustable phase-lead circuit 
with a range of 0 to+180°. Likewise, Fig. 26.3B is a phase-lag circuit which 
can be adjusted from 0 to —180°. Both these circuits have the advantage 
of requiring the use of only one resistor to adjust phase. As with the circuit 
shown in Fig. 26.1, the phase difference between v, and v, depends on both 
the component values and the frequency. Figures 26.4A and B show the 
phase shift of these circuits as a function of 27 f RC (Ref. 1). 


DESIGN PARAMETERS 


Parameter Description 

G Part of phase-shifting network 
af Frequency in hertz 

Rik: Establishes gain of circuit 

i Part of phase-shifting network 
v; Input voltage (reference phase) 


Vo Output voltage (phase-shifted relative to v,) 
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(B) 
Fig. 26.3 An adjustable phase-lead circuit (A) and an adjustable phase-lag circuit (B). 


180 


Response of Fig.26.3A 


ee (phase lead) 


120 


= 30 


Phase shaft, deg 


Response of Fig.26.3B 
(phase lag) 


=60 
=90 
Wy, 
3150 
-180 


Fig. 26.4 Phase as a function of 27 fR;C for the lead circuit (A) and the lag circuit (B). 
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DESIGN EQUATIONS 


Eq. 
No. Description Equation 
LEAD CIRCUIT ( Fig. 26.3A) 
ahd 2a fRC — 1 
1 Volt Se ee ee 
oltage transfer function of circuit ac SEU FR 
2 ‘Phase shift of v, relative to v, @ = 2 tan“ (1/27 fR3C) 
3 Required relationship between R, and R, R,=R, 
LAG CIRCUIT ( Fig. 26.3B) 
. poe _v, _ 1—j2afRsC 
4 Voltage transfer function of circuit Ave D1 + j2afR,C 
Phase shift of v, relative to v, o = —2 tan“ (247 f R3C) 
6 Required relationship between R, and R, R,=R, 
REFERENCE 


1. Francis, J. R.: Constant-Amplitude Phase Shifter, EEE, January 1971, p. 63. 


26.3 ANALOG TIMER 
ALTERNATE NAMES’ Timer, interval timer, RC timer, long-interval timer. 


EXPLANATION OF OPERATION An op amp can perform some of the functions 
of the monolithic IC timer. One such application is the generation of long 
delays lasting hours or days. The FET input op amp is superior to the timer 
IC in this application because of its high input resistance. The circuit shown 
in Fig. 26.5 can generate delays of days or weeks if a low-leakage capacitor 
and an FET input op amp are utilized. 

The op amp is used as a comparator with ac positive feedback through 
R;, Rg, and C. The switch is in the clear-standby position prior to timer 
operation. In this state the voltage at the op amp inverting input is 


Vy’ —_ V, ae RLV» 


 R,+R, 


Run p Clear and 
standby 


Fig. 26.5 An analog timer which can provide a time delay up to many days or weeks. 
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and the voltage at the noninverting input is 


_ (Rs|lRe)Ve 
v,(standby) R, + RlR, 
Resistor values are chosen such that v,(standby) < V, (by at least several 
volts). This guarantees that the output v, will be at the LOW state in the 
standby mode. 
When S is placed in the RUN position, the current through R, begins to 
charge C toward a final value of Vz. Voltages v, and v, are near zero during 
the RUN mode, since the op amp inverting input is more positive than its 


Standby voltages 


V3 
End of 
delay Reset 
y 
V4 
O 


Fig. 26.6 Waveforms at various locations in the timer shown in Fig. 26.5. 


noninverting input. When v, charges up to approximately V,, the op amp 
output switches to the HIGH state. A fraction R;/(R,; + R.) of v, is ac-coupled 
back to the op amp noninverting input to assure a clean, quick change of 
state. After the timer period has ended, the voltage v, continues to rise 
toward V, until S is placed in the clear position. Voltage v, remains high 
until this clear operation takes place. 


DESIGN PARAMETERS 


Parameter Description 

G Provides long-duration time constant along with R, 

Rak; Establishes trip voltage V, for op amp inputs 

R, Makes driving resistance for op amp inputs equal so that input bias 
currents do not affect timing accuracy 

Re Main timing resistor used to provide a long-duration time constant 

Re ie Provides positive feedback (hysteresis) so that op amp will make a 


quick, clean change of states at end of timing period 
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Parameter Description 

R. Capacitor leakage resistance 

R;, Common-mode input resistance of op amp 

R, Manufacturer's minimum recommended load resistance for op amp 

S Mechanical switch or relay (must have low leakage between contacts 
when in OFF state) 

fs Period of timer in seconds 

are Trip voltage at op amp inverting input 

V5 Voltage at op amp noninverting input 

v,(standby) Voltage at op amp noninverting input while S is in standby position 

v; Positive feedback voltage 

0; Output voltage 

Vv, Reference input voltage (timer can be no more stable than this 
voltage) 

V@ Power-supply voltages 


DESIGN EQUATIONS 


10 


Description 


Time delay in seconds 
Time delay in seconds if R, = R, (this means 
that V,; = 2V,) 


Fixed voltage at op amp inverting input 
(assuming R,,. > R;) 


Voltages v, and v, during standby mode 


Voltage v, as a function of time during run 
mode 
Recommended resistor values: 


R,, R, 


Rs, R, 


Rs 
Re 


Recommended capacitor size 


Equation 


T=R,C In si ) 


Vr ere V, 
T = 0.693R,C 
po = R, Vp 
Mae ea ang 
v.(standby) = v,(standby) 
_ (Rs||Re)Vr 
R, + R;|| Re 


v(t) = Vr E ics (- nC)| 


R, = R, chosen so they do 
not load down Vp 


source 
Bee kL 
Rs = Ru = 0 6936 
R; = 0.1R¢ 
Re> R, 


Use a stable, low-leakage, 
high-capacitance device 
such as a polycarbonate, 
polystyrene, or polyester 
capacitor 


DESIGN PROCEDURE 


Since timer ICs are more practical for short-duration timing, we will assume 
this procedure is for a very long timing interval. The op amp is assumed to 


be a high-quality FET input device. 


A capacitor is picked which has the 


highest possible capacitance-leakage resistance product. 
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DESIGN STEPS 


Step 1. Since circuit size is usually important, these design steps begin 
with several trade-offs. One approach is to study available capacitors to 
find which type has the highest value for 


(Capacitance)(leakage resistance)(stability) 
volume 


The effects of temperature must be considered in this trade-off. The leakage 
resistance does not need to be larger than the op amp common-mode input 
resistance. Good candidates for C are polycarbonate, polystyrene, or poly- 
ester capacitors. The polystyrene device has the best capacitance-leakage 
resistance product, but it turns sour above 80°C. 

Step 2. Determine values for R, and R, according to Eq. 7. These re- 
sistors should be no larger than 1/,.. of R. or R;, if a 1 percent timer is required. 

Step 3. Let R, be 10 times the load resistance expected for the circuit. 
Compute an approximate value for R, using Eq. 8. 

Step 4. Choose values for R, = R, which will not excessively load Vp. 


EXAMPLE OF A TIMER DESIGN We will design a 1,000-s timer to illustrate the 
design steps numerically. Polycarbonate capacitors have been chosen for C, 
and a high-quality FET input op amp is assumed. 


Design Requirements 
T = 1,000 s +1 percent 


Vrz,=10V 

V=10V 

R, = 2,000 0 
Device Data (+25°C) 

Re = 10" 0 

R, ~ 10° 0 

C= 10uF 


Step 1. We assume a 10-4F polycarbonate capacitor is available. Its 
leakage resistance is specified to be approximately 10?° 2. 

Step 2. Resistors R, and R, are found from 

r 1,000 
= R= — SS = oT ems 144 
R; * 0.693C 0.693(10-°) wet 

This is only 69 times smaller than R,, so our 1 percent accuracy requirement 
will not quite be achieved. Since the QF product of a capacitor type is 
constant at one temperature, a larger polycarbonate device would not help 
the situation. A polystyrene capacitor has a large enough leakage resistance 
to give 1 percent accuracy, but it is no good above 80°C. Ifatimer with much 
better than 1 percent accuracy is required, a crystal clock with a large number 
of counters is recommended. 

Step 3. Since R, = 2,000 0, we let Rg = 20 kQ. The value for R; can 
be in the vicinity of 

_ Be 20,000 | 
R, = Tings (1 2,000 

Step 4. The V, source has an output resistance of <10 ©, so we let 

R;= R; = 11,0009: 


Chapter 2/1 
Waveform Generators 


INTRODUCTION 


Ramp, triangle, and staircase generators are discussed in this chapter. Square- 
wave and pulse generators have already been covered in Chap. 20. Sine- 
wave generators were presented in Chap. 21. 

Ramp (or sawtooth) generators, often used in cathode-ray-tube sweep sys- 
tems, will be presented in Sec. 27.1. Section 27.2 contains detailed design 
information on a highly adjustable triangle waveform generator. The last 
section will cover design details of a staircase generator. 


27.1 VOLTAGE RAMP GENERATOR 


ALTERNATE NAMES Voltage-sweep generator, sawtooth generator, free- 
running sweep oscillator. 


EXPLANATION OF OPERATION The two CMOS transistors Q, and Q, operate 
in the current-mirror configuration. Resistor R, establishes a current J, in 


Q, of 
ke Mian Ms 1 — 2{KR,[V® — V,.]}!” 
is 2KR? 


Transistors Q, and Q, should be on the same chip so that their drain char- 
acteristics will be approximately equal. Since V;, = V72, we must have I, = 
I,. We therefore have established a constant current with a magnitude which 
depends on R,. This current-mirror concept allows us to simulate a high- 
impedance current source using a resistor R, in an isolated branch. 

During the ramp formation (T,), Q; is held OFF by the G,, G, latch. Con- 
stant current I, develops a precisely linear ramp by charging up C. Op 
amp A, has an extremely high input impedance, so it will not affect the 
current-mirror-charging circuit. The same ramp voltage developed on C 
appears at v,. When vu, rises to Vy, the output of comparator A; goes LOW. 
This flips the latch, which causes C to discharge quickly through Q;. When 
v, has discharged down to V,, the output of comparator A, goes LOW. This 
again flips the latch, which opens Q,. The ramp is then allowed to begin 
Over again. 


I, 


27-1 
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Fig. 27.1. A free-running voltage-ramp generator. 


The upper and lower trip levels (V, and V,) are determined by the sizes 
of R, through R;. If we want V, ~ 0, the inverting input of A, can be 
grounded. In this case A, must be capable of operating with input voltages 
down to ground potential. If this is not the case, the negative supply termi- 
nal of A, must be returned to a voltage below zero. We must then be careful 
that the G, input is driven correctly. A clamp diode wil! be required to keep 
v, = zero volts. 


DESIGN PARAMETERS 


Parameter Description 
A, High-input-resistance buffer used to sense voltage ramp across C 
A>, As Comparators used to detect Vy and V, 
Integrating capacitor used to generate ramp 
G,, G, NAND gates wired as a latch 
if Reflected current equal to I, 
I, Current generated by V™, R,, and Q, 
K CMOS constant (~ 0.004) 


O;, O3 Mirror-type current source 
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Parameter Description 
Q; Switch used to discharge C 
R, Used to adjust magnitude of I, and I, 
R,, R; Sets level of V, 
Ae, Sets level of V, 
Te Ramp duration 
T, Ramp retrace time 
O20; Ramp voltage waveform (use v, for the output, since any load on v, will 

degrade the ramp waveshape) 
Cs Trigger voltage for latch used to terminate retrace 
05 Trigger voltage for latch used to terminate ramp 
U4 Voltage used to hold Q,; on during retrace 
Vv, Lower limit of ramp waveform 
Ve Reference voltage used to create V, and V, 
Vin Threshold voltage of Q, FET (usually 2 to 3 V) 
Vi Upper limit of ramp waveform 
yo Positive power-supply voltage 

Vu 
Vi1Vo 
VL 


Fig. 27.2 Waveforms at various locations in the voltage-ramp generator. 


DESIGN EQUATIONS 


No. Description Equation 


1 Charging current intoC duringramp I, = R, 2KR? 


2 Rate of rise of ramp aa! — 
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Eq. 
No. Description Equation 
R,V 
Bee trip volta V, ==" 
pper @W1p v ge U RR Js R; 
_ _RVp 
4 Lower trip voltage VL= RB +R, 
: R,C(V,— Vz) 
5 Duration of ram T, = 
p 1 Vinravs 
6 Ramp retrace time T. = Rys(on)C (In Vy — In V;)- 
ee ea ee 
7 Frequency of oscillation F,= T.+T, 
REFERENCES 


1. McKinley, R. J.: Dual Op Amp Comparator Controls Ramp Reference, Electronics, 
Oct. 11, 1971, p. 76. 

2. Hart, B. L., and R. W. J. Barker: A Precision Timed Ramp Generator with Zero 
Idling Power Consumption, IEEE Proc., July 1973, p. 1047. 


27.2 VOLTAGE TRIANGLE GENERATOR 
ALTERNATE NAME Free-running triangle generator. 


EXPLANATION OF OPERATION An ideal triangle generator has the following 
properties: 
1. Independent adjustment of positive and negative slopes 
2. Peak-to-peak amplitude adjustment which has no effect on positive 
and negative slopes 
3. A dc offset adjustment which can place the triangle waveform at any 
location within the limits of the two power-supply voltages 
The circuit shown in Fig. 27.3 closely approaches this ideal. Resistors R, 
and R; provide independent positive and negative slope adjustment. Re- 
sistor R, determines the peak-to-peak limits of the triangle, and R, is the 
offset adjustment. 


5 
Offset adj. 


Fig. 27.3 A voltage-triangle generator which utilizes an integrator and a comparator. 
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If Rg too large 


V1 


Fig. 27.4 Waveforms at various locations in the voltage-triangle generator. 


Circuit operation is briefly explained as follows: Op amp A, is an inte- 
grator. Its output slews either positive or negative depending on the in- 
stantaneous polarity of v,. Figure 27.4 shows the triangle which appears at 
the output terminal of A,;. Voltage v, is a rectangular waveform with + limits 
established by the zener diodes. When , is Vz; (a positive voltage), v, inte- 
grates downward. Likewise, when 0, is negative, v, integrates upward. The 
v, waveform is created by the A, comparator. This circuit changes states 
whenever v, passes through Vg. As shown in Fig. 27.4, v, is a composite 
waveform made from v, and v,. If Ry is adjusted upward from center such 
that v, dominates the shape of v,, A, trips sooner than nominal and the peak- 
to-peak voltage at v, will decrease. Conversely, if R, is adjusted such that 
v, dominates the shape of v,, A, has to integrate further before A, trips. This 
increases the peak-to-peak amplitude of v,. Potentiometer R; also controls 
the trip point of A,. However, the shape of v, is not affected, since R; merely 
controls the dc level of v, without influencing its shape. 


DESIGN PARAMETERS 


Parameter Description 

A, Op amp used in integrator stage 

A; Op amp (or comparator) used to control triangle offset and peak-to-peak 
amplitude 

D;, D, Diodes which allow separate control of positive and negative triangle 


slopes 
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ee 


Parameter 


Description 


eS 


ipo Minimum triangle generator output frequency 
es Input bias current of A, 
1 in EA Nominal bias current for Z, and Z, 
; Resistor which controls maximum + slopes of triangle 
R,, R; Resistors (variable, if required) which control minimum + slopes of 
triangle 
R, Potentiometer which determines peak-to-peak amplitude of triangle 
R, Potentiometer which controls the triangle dc offset 
R, Resistor used to establish a nominal bias current in Z, and Z, 
v1 Rectangular waveform from A, 
Ve Composite waveform made from v, and v; 
Uo Output triangle waveform 
v,(peak) The + peak value of v, relative to its average (dc) value (i.e., ‘, of its 
peak-to-peak value) 
Ve Reference voltage set by R,; which controls triangle offset 
Vyat The voltage difference between V“ and the respective + maximum out- 
put voltages from A, 
V1 The zener breakdown voltage of Z, plus the forward breakdown voltage 
of Z, 
WES The zener breakdown voltage of Z, plus the forward breakdown voltage 
of Z, 
v= Power-supply voltages 
Zi Ls Zener diodes used to control amplitude of v, 
DESIGN EQUATIONS 
Eq. 
No. Description Equation 
1 Positive slope of output ramp Av, _ Er 
At. (RytR,)G 
2 Negative slope of output ramp Ao, Ve: 


At (R,+R,)C 


3 Maximum peak-to-peak ampli- 


Maximum positive offset 


Maximum negative offset 


tude of ramp when Rag = 0 


v,(max, peak-to-peak) = V™ — VO — 2V.at 
v,(+ off) S V‘~ — v,(peak) 
v,(— off) 2 V+ v,(peak) 


Resistor values: 


Puce? 
Tae: 
lata cB 


tad Vas Vp 
a CClAe Ate 

= V2 — Vp ae 
LS Ciactat ree 
where Av,/At applies to negative slopes 
only 

am |Vz1| ae Vp ae 
R; C(Av,/At) min - 
where Av,/At applies to positive slopes 
only 


10R, S Ry = Rs S "hoolps 
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Eq. 
No. Description Equation 
+) (pre 
10 R, R, ~ 4 Viz so [Meee gu 
Ip» Iz, 
‘ ; LOz* 
11 Integrating capacitor ae 
min 
ipa Zener-diode voltages BV SV) = lVealea |v" |—2 


DESIGN PROCEDURE 


A wide range of component-value combinations will provide satisfactory 
circuit operation. The designer, therefore, has more latitude for component 
values than the design equations suggest. The approach used here is to 
choose the integrator capacitor according to a rule of thumb (Eq. 11). The 
other equations then provide first-cut values for resistor values. As in all 
circuit designs, some adjustment of component values is always required 
after the first breadboard is tested. 

Step 1. Calculate a value for C using Eq. 11. In most cases the actual 
value for C can be anything within an order of magnitude on either side of 
the calculated value. 

Step 2. Choose two identical zener diodes (Z, and Z,) at the approxi- 
mate center of the range suggested in Eq. 12. 

Step 3. Calculate a value for R, using Eq. 6. 

Step 4. Compute values for R, and R, with Eqs. 7 and 8. 

Step 5. Find an approximate value for R, using Eq. 10. 

Step 6. Resistors R, and R; are chosen to lie somewhere within the 
range suggested in Eq. 9. 


EXAMPLE OF A TRIANGLE GENERATOR DESIGN We will design a subaudio tri- 
angle generator using the six design steps. 


fi Requirements 


= 10°? Hz 
we = 10 V/s 
Fa = 0.01 V/s 
= V 

Device Data 

Ihe=3X10-° A 

V,=0.7V 

Step 1. A nominal value for C is 
lOve lO 
C F107 = 10 pF 


Step 2. Equation 12 suggests we use zener diodes with breakdown 
voltages between 2 V and 15—2=13V. We will use 1N707 diodes, which 
have a breakdown voltage of 8 V at5 mA. The actual breakdown voltages to 
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be used in the following calculations must have 0.7 V added to the 8 V, since 
one zener is forward-biased while the other is in the zener breakdown region. 
We conclude that |Vz,| = Vz. = 8.7 V. 
Step 3. Equation 6 provides us with 
bos V, oT Vp 
C|Av,/At| max 
Sl saOd 
10-5 (10) 
Step 4. The slope-adjustment resistors are found from Eqs. 7 and 8 
(these equations are identical since Vz. = | Vz,)): 


R, 


= 80 kO 


i cae Vz0 ee Vp fs 
irom a C\Av,/At] min af 
8.7 — 0.7 a 
= athe (0.01 — 80,000 = 80 MQ 


With such a large input resistor, we must use an FET input op amp for Ay. 
Otherwise the input resistance and bias current of A, would affect the tri- 
angle accuracy at low sweep rates. 
Step 5. Equation 10 is calculated to provide us with Rg: 
Vo) a Ves rs 15 al 8.7 
E 5 x 10-3 
Any resistor between 1,000 and 1,500 © should be satisfactory. 
Step 6. Resistors R, and R; must first satisfy 


R, = R; 2 10 R, = 10(1,260) = 12,600 2 
They must also satisfy 


R, 7 = 1,260 Q 


1 1 
100 T,, 4100102) 


We will let R, = R; = 100 kQ). 


= 0.33 MQ 


R,=R, = 


REFERENCE 


1. Larsen, D. G.: Triangle Wave Generator Keeps Slopes Constant as Amplitude 
Changes, Electron. Des., Sept. 28, 1972, p. 80. 


27.3 VOLTAGE STAIRCASE GENERATOR 
ALTERNATE NAMES Step generator, staircase generator. 


EXPLANATION OF OPERATION Each negative transition of v, causes the timer 
IC to produce a positive output pulse for a duration T,. This pulse turns on 
the CMOS switch S,, causing the A, circuit to integrate upward for the dura- 
tion of the timer pulse. The voltage added to v, during T, is 


en at see F 
[Rps(on) + R3] C, 
Each Av, step of the staircase is held by the integrator until the next negative 


transition of v,. Any droop in the step during this hold time T, is caused by 
leakage current through S, or C3. 


Av, 
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The staircase generator is reset when the binary counter is full and G, 
activates S,.. The size of the AND gate must be compatible with the counter 
size. 

This circuit offers several advantages over the conventional D/A approach 
for staircase generation: 

1. All step amplitudes and risetimes are guaranteed to be identical, 
since they are formed by the same components. 

2. The circuit is glitch-free, since the circuit is in the integrate mode 
during the rising portion of each step. (A glitch is a noise transient caused by 
timing errors in the counter of a conventional D/A converter.) 

3. Step amplitudes are easily adjusted with only one part (R;). 

The integrate duration T, is (assuming timer is the 555 type) 


T, = 1.1 R,C, 
Substituting this into the equation for Av,, we get 


Av — 
° ~~ [Rps(on) + R;] C3 
If C, and C, are identical capacitor types with reasonable tracking over 
temperature, Av, will be quite stable. Also, if Rp;(on) < R;, errors caused 
by switch-resistance variations will be minimized. 


Fig. 27.5 A triggered-voltage staircase generator with automatic reset. 
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ie; 


Vo 


Fig. 27.6 Waveforms in the staircase generator circuit. 


DESIGN PARAMETERS 


Parameter Description 
A, Op amp used as integrate-and-hold circuit 
CG. Used to make v,(av) = 0 
C; Determines time T, 
G. Determines step size 
FF, to FFy N-stage counter 
G, N-input AND gate 
R, Determines time T, 
KG Used to make v,(av) = 0 
R, Determines step size 
R, Clamps v, to ground when S, is off 
Rps(on) On resistance of S, and/or S, 
: Sampling switch which causes integrator to integrate only during 
rising portion of each step 
S; Switch which clears integrator at end of staircase 
cs Period of v, waveform 
T; Pulse width of timer output 
T; Duration of staircase 
0; to Us Voltages as shown in Figs. 27.5 and 27.6 
Av, Step size 
Vay Drain supply voltage for CMOS devices 
Ve Reference voltage which helps determine step amplitude 
V5 Source supply voltage for CMOS devices 
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DESIGN EQUATIONS 


Eq. 
No. Description Equation 
1 Magnitude of each step voltage Av, = Sault ACh i tt 
[Rps(on) + R3]C; 
2 Integrate duration T, (assuming T,=11RC 
555-type timer is utilized) RE ca 
fi 
: } = 
3 Input capacitor C, size Be anf finRs 
4 Timer capacitor C, C, is chosen according to timer design 
specification 
5 Recommended integrator Cy R i, 
capacitor size C, ps\On 
Resistor values: 
6 R, R, is chosen according to timer design 
specification (see Eq. 2) 
7 R, R, = 2 to 10 kQ 
Ved. 
8 R, R; a igs C. 3 Rps(on) 
NOTE: Make R; > Rp;(on) 
9 R, Ry > Rps(on) 
REFERENCE 


1. Strange, M.: Staircase Generator Resists Output Drift, Electronics, Dec. 4, 1972, 
p. 90. 
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Appendix | 


Operational 
Amplifier Parameters 


The following tabulation contains the common parameters found on opera- 
tional amplifier data sheets. The list is not complete, since some parameters 
found in particular data sheets are not widely used or their application is for 
only a very specialized type of op amp. The minimum, typical, and maximum 
parameter values are for op amps at 25°C and in existence in 1976. Most of 
these parameters are discussed in Chaps. | and 2. 


Parameter Description Units Min Typical Max 
Aon Common-mode voltage 

gain as a function of 

frequency dB 
Ax Common-mode voltage 

gain at de dB —40 0 60 
AS Differential voltage gain 

as a function of frequency dB 
Nea Differential voltage gain 

at de dB 53 90 170 
OFF Common-mode input 

capacitance pF 1 z a 
Cia Differential input 

capacitance pF 1 2 30 
CMRR Common-mode rejection 

ratio dB —160 —90 —64 
tt Full-power bandwidth 

(—3 dB) kHz 0.05 50 50,000 
ine First pole of op amp Hz 1 10 4,000 
2 Second pole of op amp MHz 0.5 1 100 
te Frequency of unity 

voltage gain MHz 0.25 1 200 
I, Input bias current nA fOs4 100 45,000 
1s Input offset current nA 10-¢ 20 6,000 


Al, /AT Temperature coefficient 
of input offset current pA/°C 10>; 100 3,000. 


1-2 OPERATIONAL AMPLIFIER PARAMETERS 


SEE U EE EEE ESSE EEE ESSSEE ED 


Parameter Description Units Min Typical Max 
{fs Equivalent rms input 

noise current at 10 Hz pA/ VHz 0.5 1 1.8 
i. Maximum sink output 

current mA 0.5 1 10 
| Bie Maximum source output 

current mA 5 10 10° 
he Nominal power-supply 

current mA 0.03 3 35 
ju Power consumption if 

V®=+15 V and R, = © mW 0.5 30 108 
Ps Percent overshoot for 

large-signal voltage 

follower % 5 10 50 
PSRR Power-supply rejection 

ratio dB —100 —90 —55 
Din Phase margin Degrees 5 10 50 
Ri. Common-mode input 

resistance MQ 1 10 108 
Ria Differential input 

resistance MQ 0.09 1 10° 
RK, Output resistance at dc c@) 4 50 108 
S Slew rate V/s 0.005 0.5 6,000 ~ 
t Risetime (10 to 90%) ps 0.002 0.35 1.4 
te Voltage-follower large- 

signal settling time 

(to <0.1%) ps 0.05 1 2 

ia Input offset voltage mV 0.075 3 50 

AV,,,/AT Temperature coefficient of 

input offset voltage pVIcC 0.6 5 50 
V. Equivalent rms input noise 

voltage at 10 Hz nV/ VHz 8 10 35 
Vi Maximum positive output 

swing Vv VuO_—4 yr —2 Vr 
Vo Maximum negative output 

swing V AAS Vo 2 Vio +58 
Ve Minimum supply voltages V =] mar +12 
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Operational Amplifier 
Maximum Ratings 


If the following parameters are exceeded, the operational amplifier may be 
damaged. Not all these parameters will be found on every op amp data 
sheet. Only those the manufacturer feels are important for his particular 
type of op amp are usually given. All ratings assume an ambient temperature 


of 25°C. 


Maximum 
rating Description Units Min Typical Max 

Lin Maximum (+) input 

terminal current mA 1 5 10 
ts Maximum output current 

(source or sink) A 0.005 0.01 M 
P,(max) Maximum internal 

dissipation W 0.2 0.5 2 
Tr; Maximum output short- 

circuit duration s 0 00 oo 
Vict Maximum positive 

common-mode input 

voltage Vv VP — 3 vn V+ 10 
‘ Maximum negative 

common-mode input 

voltage V Vv — 10 VO ..yweey 
Vie Maximum differential 

input voltage V =t +30 +300 
ve Maximum power-supply 


voltages Vv +8 =o? +45 
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Appendix Ill 


Circuit Fabrication Techniques 


INTRODUCTION 


Although op amps are being made more foolproof each year, the designer 
must still be familiar with protection circuitry and noise-reduction meth- 
ods. High-performance devices usually need special consideration in these 
two areas. Also, the passive devices in each circuit must not be forgotten. 
The performance of most feedback circuits utilizing high-gain op amps de- 
pends almost entirely on the quality of the passive components. 


Ill.1 PROTECTION CIRCUITS 


Methods to protect each type of op amp terminal will be considered. 


INPUT TERMINALS The + input terminals of op amps must be protected 
against excessive currents and voltages. In most cases this protection is 
implemented by not allowing the input voltages to exceed the manufacturer’s 
maximum ratings. If input voltages are within prescribed limits, maximum 
input currents will not be exceeded. In those cases where the range of input 
voltages cannot be guaranteed, one or two of the protective circuits shown in 
Fig. III.1 may be required. Diodes D3; and D, in the figure will not allow the 
op amp differential input voltage to exceed +0.7 V. Some super beta op amps 
(such as the 108) also have internal diodes across the inputs. Since these 
diodes are on the op amp chip, their current must be limited by the external 
circuit to prevent excessive chip dissipation. Diodes D3 and D4, in conjunc- 
tion with R, and R,, will keep most of the excess current away from the op 
amp in an overvoltage condition. But since most op amp circuits contain 
resistors in the op amp input circuits (R,, R,, and R;), these can be used to 
further limit input currents. 

_Transient overloads on either the + or — inputs relative to ground can be 
handled in several ways. Many op amps specify that the common-mode 
input voltages cannot exceed the supply voltages. Diodes D,, D,, D;, and 
D, will constrain op amp input voltages to stay within 0.7 V of V™. These 
diodes could also be returned to voltages other than V™ if required. 

Zener diodes Z, to Z; can also be utilized to protect each input from + over- 


H-1 
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Fig. 111.1 Several ways to limit op amp differential and common-mode input voltages. 


voltages. However, zener diodes are more expensive than general-purpose 
diodes. Either approach provides the same degree of protection. 


OUTPUT TERMINAL At 25°C most op amps can tolerate a short circuit from 
the output terminal to ground for an indefinite period. At elevated tempera- 
tures the designer should consider the power-dissipation derating curve. For 
example, suppose we are using an op amp with the following maximum rat- 
ings and characteristics: 


Maximum internal dissipation, 400 mW 
Derating above 25°C ambient, 6 mW/°C 
Output current limit, 20 mA 
Power-supply voltages, +15 V 


If the output is shorted to ground, the current limiter inside the op amp can 
inject 20 mA into the short. The op amp dissipation will be 20 mA X 15 V= 


Fig. 111.2 Output terminal protection circuits. 


NOISE PREVENTION TECHNIQUES Hl-3 


300 mW. This is only 100 mW below the yt) 
maximum. We divide 100 mW by the derat- 
ing factor (6 mW/°C) to determine the maxi- 
mum ambient temperature where this shorted 
condition is safe: 100 mW/6 mW/°C = 16.7°C. 
Therefore this op amp should not be operated 
in ambient temperatures above 25°C + 
16.7°C = 41.6°C if the output is shorted to 
ground. 

Many op amps can also allow an output 
short circuit to either power-supply terminal (=) 
with no damage. If the output terminal has 
any possibility of accidental connection to (A) 
voltages larger than V™, the ideas recom- 
mended in Fig. III.2 may be used. Diodes 
D, and D, will clamp the output to a maxi- 
mum of V™ + 0.7 V. Zener diodes Z, and Z, 
could be used to keep the output voltage 
within any arbitrary output range. 


POWER-SUPPLY TERMINALS Many op amps 
are destroyed by power-supply transients or 
accidental reversal of power-supply voltages. 
Several circuits which protect the op amp from 
such problems are shown in Fig. III.3 (Ref. 1). 
Protection against supply reversal is easily 
implemented with two diodes as shown in 
Fig. III.3A. Power-supply transient protec- 
tion can be provided with the circuit of Fig. 
III.3B. The zener-diode breakdown voltages (B) 
are chosen to be greater than V™ butlessthan Fig. Ill.3_ Protection of the op 
V® > (max). Thus Z, and Z, will dissipate @™p power-supply terminals. 
power only in a transient situation. The FET (A) Protection against supply 
devices Q, and Q, are chosen with an Ipss5 sag - (B) Protection against 
larger than the expected op amp supply cur- “PP” mae il 
rent but less than the recommended zener 
currents for Z, and Z,. Capacitors C, and C, bypass all high frequencies to 
ground. Some op amps will oscillate if the capacitors are not included. 


11.2 NOISE PREVENTION TECHNIQUES 


Every designer is familiar with the saying “It worked beautifully as a bread- 
board but everything went wrong on the prototype.” Many of these proto- 
type failures are due to (1) grounding/bypassing problems, (2) shielding/ 
guarding problems, (3) unexpected interface problems, and (4) unwanted 
coupling problems. Sometimes these potential problems are overlooked 
during the breadboard phase of a project because “by accident” they were 
not present. A good designer develops the prototype configuration in the 
back of his mind all during the breadboard phase. He experiments with the 
relative positions of parts and wiring in low-level and high-gain circuits to 
prevent unwanted parasitics from destroying circuit performance. In this 
section we will consider several ways to anticipate and prevent such prob- 
lems. : 


1-4 CIRCUIT FABRICATION TECHNIQUES 


GROUNDING/BYPASSING PROBLEMS Good systems are designed with a single 
ground point which is characterized as having the smallest quantity of noise, 
ripple, and transients in the system (Ref. 3). By definition both positive and 
negative power buses have tight ac coupling to this single ground point for 
a wide range of frequencies. Ideally each part in all circuits which must 
return to ground is brought over to this single ground point. In practical 
systems containing tens or hundreds of active devices, this ideal is not easily 
achieved. Instead, each op amp, or small group of op amps, has a local 
single ground point. The local + power buses have good-quality bypass 
capacitors which return to the local single ground point. Each local single 
ground point services op amps which will not interfere with each other. In 
other words, a 10-W op amp should not be operated from the same power- 
supply potentials and ground point as a low-level-instrumentation op amp. 

Circuits which pull large currents from the power supply should have 
independent + buses and ground wires which return all the way back to the 
main power-supply terminals and the system single ground point. Low-level 
circuits can be “‘daisy-chained” as shown in Fig. III.4. 

Reference 2 provides us with a set of five rules which will circumvent 
most grounding problems. These rules assume the system is made up of 
amplifiers, but system performance will also be improved for other types of 
circuits. 

1. The signal ground for all amplifiers should be a flat plane such as a 
large copper area of a printed circuit board. The signal ground of amplifiers 
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Only connection to chassis 
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Fig. 111.4 Grounding philosophy which will yield a low-noise system. 


on other boards should be connected to the 
low-level amplifier signal ground with 
grounding straps or large conductors. 

2. Connect all system chassis grounds 
together with heavy wire or braid. 

3. Connect the signal ground of the 
lowest level amplifier in the system to chassis 
ground. Make this connection as close as 
possible to the actual op amp input signal 
ground. 

4. Connect the ground return of the 
source voltage (external transducer, etc.) for 
the lowest level amplifier to the same chassis 
ground mentioned in item 3. 

5. Power ground and + power leads 
may be “‘daisy-chained” between amplifiers. 
Make only one connection between power 
ground and signal ground. This connection 
should be as close as possible to the cluster 
of grounds mentioned in items 3 and 4 above 
(see Fig. III.4). 


SHIELDING/GUARDING The performance of 
op amp circuits with low-input current re- 
quirements can be improved through the use 
of guarding techniques. Guarding is the 
preferred method to control leakage currents 
into the op amp + input terminals. For ex- 
ample, in most TO-99 op amps, pin 3 is the 
noninverting input and pin 4 is V™. If 
copper traces going to these pins are sep- 
arated by 0.05 in for a distance of 1 in, then 
a leakage resistance of 10!! 2 is possible ata 
temperature of 125°C (Ref. 4). This assumes 
a high-quality epoxy glass board which has 
been properly cleaned. If the circuit is a 
high-input resistance voltage follower, the 
error caused by V™ leaking through 10" © 
may be significant. Suppose the voltage 
follower input is at +10 V and V™ is —15 V. 
The leakage current will be 


10 — (15) V 
LT FO) 


This is more leakage than the worst-case 
offset current of the 208 op amp. 

Since most leakage currents on printed 
circuit boards occur along surfaces, this is 
where guarding procedures must be im- 
plemented. As shown in Fig. III.5, a guard 
ring is placed around the sensitive terminal 
(or terminals). This must be done on both 
sides of the board since the + inputs usually 
touch both sides. The guard rings are 


= 250 pA 
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HI-5 


Compensation 


Bottom view 


Fig. 11.5 Typical guard ring for 
a TO-99 op amp where both + 
inputs must be protected. (Na- 
tional Semiconductor Corp.) 


Pe) 


Fig. 111.6 Guard-ring connections 
for: (A) an inverting amplifier, 
(B) a voltage follower, and (C) a 
noninverting amplifier. (Na- 
tional Semiconductor Corp.) 


1-6 CIRCUIT FABRICATION TECHNIQUES 


electrically connected to a low-impedance source having the same poten- 
tial as the +inputs. Thus, for an inverting amplifier, as shown in Fig. III.6A, 
attach the guard rings to ground. For a voltage follower the guard rings should 
be connected to the op amp output. Figure III.6C shows how guard rings 
are biased in a noninverting amplifier. 

High-impedance circuits also require shielding to prevent pickup of 
stray ac electric and magnetic fields. This must be done in a way which will 
not compromise the dc guarding circuit. In most cases it is best to com- 
pletely enclose a low-level amplifier (or the input circuitry) with a grounded 
shield (Ref. 6). If low-frequency magnetic fields (under 100 Hz) are present, 
a high-permeability magnetic shield should be used. Aluminum or copper 
shielding may be utilized for electromagnetic interference above 100 Hz. 


11.3 PASSIVE DEVICES 
IN OP AMP CIRCUITS 


The ultimate accuracy and stability of many op amp circuits have a one-to- 
one correspondence with the accuracy and stability of the passive compo- 
nents in that circuit. A good circuit designer should therefore be familiar 
with the range of characteristics available for each type of passive device. 
This section will briefly summarize the range of major parameters for several 
passive devices. 


Typical Resistor Parameters (25°C) 


Resistance 
range 
available, 


Drift in 
1,000 h, 


Temperature 
coefficient, 
%|°C 


Purchase 
tolerance, 


Carbon composition 0. '>10" 


Metal film 1 2 x 108 
Wire-wound Oe 2 3 40 
Metal glaze 1 2 x 108 
Cermet film 10 10’ 
Carbon film 10 10° 


Typical Capacitor Parameters (25°C) 


Capacitance 
range Purchase Temperature Drift in 
available, tolerance, coefficient, 1,000 h, 
pF pF 


Ceramic 


Mylar 0.02 0.2 0.1 0.5 
Polystyrene —0.01 -—0.02 0.01) 0s 
Polycarbonate +0.005 +0.03 O25 aro 
Glass 0.01 0.6 0.5 10 
Porcelain 0.003 0.01 


PASSIVE DEVICES IN OP AMP CIRCUITS — {II-7 
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Appendix IV 
Notation Used in Handbook 


Typical op amp symbol 

Common mode voltage gain of op amp 

Common mode voltage gain of circuit due to resistor unbalance 
Common mode voltage gain of op amp at de 
Common mode gain of circuit due to op amp CMRR # «© 
Differential voltage gain of circuit 
Analog-to-digital converter 

Voltage transfer function of feedback network (8) 
Transconductance of voltage-to-current converter 
Current gain of current amplifier circuit 

Gain margin 

Gain of op amp when its phase lag = —7 
Transresistance of current-to-voltage converter 
Open-loop voltage gain of op amp 

Voltage gain of voltage amplifier circuit 

Voltage gain of voltage amplifier circuit at dc 
Voltage gain of a passive network 

Open-loop voltage gain of op amp at de 
Common-base current gain of transistor 
Feedback circuit voltage gain (A,) 

Transistor current gain 

Typical capacitor symbol 

Compensation capacitor 

Feedback capacitor 

FET gate-to-drain capacitance 

Op amp common-mode input capacitance 

Op amp differential input capacitance 

Load capacitor 

Op amp common-mode rejection 

Op amp common-mode rejection ratio 

Circuit common-mode rejection ratio 
Digital-to-analog converter 

Decibel 

Typical diode symbol 

Resonant or natural frequency 

Small signal bandwidth of transistor B 

First pole frequency of feedback network 

First zero frequency of feedback network 

Carrier or clock frequency 


IV-1 
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NOTATION USED IN HANDBOOK 


Frequency at which CMRR becomes too low to satisfy circuit requirements 
First pole frequency of closed-loop circuit 

First zero frequency of closed-loop circuit 
Maximum frequency of full output voltage swing 
Frequency at which loop gain is unity 

First pole of loop gain 

First zero of loop gain 

Modulation frequency 

Maximum frequency for a given circuit performance 
First pole frequency of op amp 

Frequency of a pole 

Frequency at which loop phase lag is —180° (—7r°) 
Unity gain crossover frequency of op amp 
Frequency of a zero 

Transistor common-emitter current gain (B) 
Transistor common-base input resistance 
Transistor common-emitter input resistance 
Transistor common-emitter output conductance 
Transistor common-emitter reverse voltage gain 
Typical symbol for complex or dc current 
Typical symbol for instantaneous current 

Op amp input bias current 

Capacitor leakage current 

Collector-to-base leakage current 

FET drain-to-source saturation current 

Input current 

Op amp input offset current 

Equivalent rms input noise current 

Output current of circuit 

Zener current 

Boltzmann’s constant (1.38 X 10-*3 joule/K) 
Typical inductance symbol 

Least significant bit 

Most significant bit 

Multiplexer 

Noise figure 

Phase angle 

Phase margin 

Power supply rejection 

Power supply rejection ratio 

Pulse width modulator 

Electronic charge (1.6 X 107!9 C) 

Quality factor at resonance 

Typical transistor symbol 

Typical resistor symbol 

Compensation resistor 

FET drain-to-source resistance 

Feedback resistor 

Generator resistance 

Op amp common-mode input resistance 

Op amp differential input resistance 

Input resistance of circuit 

Common-mode input resistance of circuit 
Differential input resistance of circuit 

Load resistance 

Op amp output resistance 

Circuit output resistance 

Resistor used to cancel effect of input bias current 
Source resistance 

Dynamic zener resistance 
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NOTATION USED IN HANDBOOK _—IV-3 


Static zener resistance 

Typical switch symbol (mechanical or electronic) 

Slew rate 

Complex radian frequency (s = 0 + jw) 

Sensitivity of parameter B to a change in parameter A 

Sample-and-hold 

Temperature 

Op amp risetime (unity gain follower) 

Single-shot reset time 

Pulse width 

Typical complex or dc voltage 

Typical instantaneous voltage 

Collector supply voltage 

Diode forward voltage drop 

FET drain supply voltage 

Emitter supply voltage 

Circuit input voltage 

Common-mode input voltage 

Op amp input offset voltage 

Voltage applied to op amp inverting input 

Equivalent rms input noise voltage 

Output voltage of circuit 

Output noise voltage 

Output offset voltage 

Voltage applied to noninverting input of op amp 

FET pinch-off voltage 

Reference dc voltage; resistor noise (Johnson noise) 

FET source-supply voltage 

Zener breakdown voltage 

Radian frequency 

Natural or resonant radian frequency 

Capacitive reactance 

Input admittance of a circuit with the output shorted (incremental, lower- 
case; complex, uppercase) 

Reverse transfer admittance, i.e., the input short-circuit current with 1 V 
applied to output terminals 

Forward transfer admittance, i.e., the output short-circuit current with 1 V 
applied to input terminals 

Output admittance of circuit when input terminals are shorted 

Transfer admittance of input circuit 

Transfer admittance of feedback circuit 

Typical zener-diode symbol 

Short-circuit feedback impedance 

Op amp input impedance 

Circuit input impedance 
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Appendix V 


Decibel Calculations 


Calculations involving op amp gain and loop gain are conveniently performed 
using decibels. Since most op amp data sheets tabulate many of their param- 
eters in decibels, a good designer should be able to convert quickly between 
ratios and decibels. Table V.1 can be used for these conversions in the ab- 
sence of a calculator having log functions. This table is merely a numerical 
listing of the function 


dB = 20 log (2) 
1 


Use of Table V.1 is best described by two examples. 


TABLE V.1 Numerical Listing of 
dB= 20 log (V./V,) 


V,/V, dB 
1.001152 0.01 
1.002305 0.02 
1.003460 0.03 
1.004616 0.04 
1.005773 0.05 
1.006932 0.06 
1.008092 0.07 
1.009253 0.08 
1.010416 0.09 
1.011579 0.1 
1.023293 0.2 
1.035142 0.3 
1.047129 0.4 
1.059254 0.5 
1.071519 0.6 
1.083927 0.7 
1.096478 0.8 
1.109175 0.9 
1.122018 1.0 
1.258925 2.0 


V-1 


V-2. DECIBEL CALCULATIONS 


V,IV, dB 
1.412538 3.0 
1.584893 4.0 
1.778279 5.0 
1.995262 6.0 
2.238721 7.0 
2.511886 8.0 
2.818383 9.0 
3.162278 10.0 

10.00000 20.0 
31.62278 30.0 
100.0000 40.0 
316.2278 50.0 
1,000.000 60.0 
3,162.278 70.0 
10,000.00 80.0 
31,622.78 90.0 

10° 100 

3.162278 Xx 105 110 

108 120 

3.162278" 10* 130 

107 140 

3.162278 x 107 150 

108 160 


EXAMPLE 1: CONVERTING A RATIO TO dB 


Suppose a voltage gain (ratio) of V,/V, = 875,000 must be converted to dB. 
In Table V.1 find the largest ratio less than 875,000. This is obviously 316,- 
228, which corresponds to 110 dB. The following division is performed: 


875,000 
316,228 
We note in Table V.1 that 2.5119, corresponding to 8 dB, is the next number 


below 2.767. The numerical flow chart below shows how the process con- 
tinues. 


= 2.767 


Next 
Working smaller dB 
ratio ratio 


819,000 = 516.228 { 


pea = Sa 


879,000 =) 2:2 (6 Oi ——— 2 5119 
316,228 


— 


1.1016 = 1.0047 ————» 1.004616 


O 
2.767 = 1.1016 ————m 1.0965 0.8 
0.04 


8 
PRN E I) 
S 


UM= 118.84dB 


CONVERTING dB TO A RATIO’ V-3 


EXAMPLE 2: CONVERTING dB TO A RATIO 


An op amp is specified to have an open-loop dc voltage gain of 98 dB. What 
is the corresponding voltage ratio? Table V.1 indicates that 31,623 corre- 
sponds to 90 dB. This leaves 8 dB, which is equivalent to a ratio of 2.5119. 
We multiply these two ratios to find the ratio corresponding to 98 dB. 


31,623 x 2.5119 = 79,434 
Thus 79,434 is equivalent to 98 dB. 
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Appendix VI 


RC Circuit 
Characteristics 


This appendix is useful for developing circuits having a wide variety of gain- 
vs.-frequency characteristics. This procedure was described in detail in 
Sec. 2.3. In order to save space, only gain-vs.-frequency plots are shown. 
Plots of phase vs. frequency can be constructed using the method described 
in Sec. 1.9. In the following pages 


s=atjo and w = 2nrf 


Numbers next to each slope on the gain-vs.-frequency plots indicate multi- 
ples of +20 dB/decade (i.e., 1 = +20 dB/decade, —3 = —60 dB/decade, etc.). 
Whenever possible, the magnitude of each plateau is also given. 
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Vi-2 RC CIRCUIT CHARACTERISTICS 


ONE-ELEMENT NETWORKS 


Open-circuit Short-circuit 
voltage gain transfer admittance 


Avn = Vo/M4 At =Io/My 


Network 
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TWO -ELEMENT NETWORKS 


Open circuit 
voltage gain 


Short circuit 
transfer admittance 


Network 


Ayn= Vo/V, Ay =]/V, 


Vi-4 RC CIRCUIT CHARACTERISTICS 


TWO-ELEMENT NETWORKS 


Open circuit Short circuit 
voltage gain transfer admittance 


Ay =b/Vy 


RC CIRCUIT CHARACTERISTICS  VI-5 


THREE-ELEMENT NETWORKS 


Open-circuit 
voltage gain 


Avn= Vo IN; 


Short -circuit 
transfer admittance 


Ay =L/V, 


I+sT, 
R, (1+sT,) 


g 


Ty =(Ry+Rp)C 


s(C,tC)(1+sT,) 


1+ sT, 
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T, =RC,+C,) 
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THREE-ELEMENT NETWORKS 


Open circuit 
voltage gain 


RoaeNadN, 


Short circuit 
transfer admittance 


A,=1,/V, 


(Ry + R,) (+sT, ) 


Ss C, (4 +sTo) 


1+sT, 
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THREE-ELEMENT NETWORKS 


Open-circuit Short—circuit 
Network voltage gain transfer admittance 


Dvn Vo /Vy Ay =Io/V, 


-{ 
(Ry +R,)(1+sT,) 


VI-8 RC CIRCUIT CHARACTERISTICS 


THREE-ELEMENT NETWORKS 


Open circuit Short circuit 
Network voltage gain transfer admittance 


Avn = Ve /V; Ay= Io/V, 


T, = (Ry+Rp)C 
Tp RC 


T3=R,C 


C, /(C,+C5) 
1+sT, 


RC CIRCUIT CHARACTERISTICS VI-9 
THREE -ELEMENT NETWORK 


Open circuit Short circuit 
Network voltage gain transfer admittance 


A vn =Vo IN, Ay =I5/V, 


Ty =(R, +R,)C 


ere 


Cc (1+sT, ) 


(C+ C,)(1+sT,) 


Vi-10 RC CIRCUIT CHARACTERISTICS 


THREE-ELEMENT NETWORKS 


Open circuit Short circuit 
Network voltage gain transfer admittance 


Ayn =Vo/V4 Ay =15/V, 


+ 
R,C (i+sT) 


RC CIRCUIT CHARACTERISTICS  Vi-11 


THREE-ELEMENT NETWORKS 


Open circuit Short circuit 
Network voltage gain transfer admittance 
A yn =Vo /Vs A,=L/V, 


Ro (itsT, ) 


(R,+R,) (1+sT,) 


Ty, =R(C,+C,) 


Tp =RC, 


Vi-12 RC CIRCUIT CHARACTERISTICS 


FOUR-ELEMENT NETWORKS 


Open circuit Short circuit 
Network voltage gain transfer admittance 


Avn =Vo IN, Ay =1,/V, 


—$(C,+C,) (1+sT,) 


(I+sT, ) (+s T3) 


T,=R,C, 
(RAR,)C,C, 
eas 
T3 = R2Co 
T3< G<7 


—(+sT, (+ sT,) 


(R,+ R, t+s T,) 


T, = RC, 


: R,R(C,+C,) 


RC CIRCUIT CHARACTERISTICS — VI-13 


FOUR-ELEMENT NETWORKS 


Open circuit Short circuit 
voltage gain transfer admittance 


Ay =L /N, 


R, 1 — (1487, )(14sT,) 


R,(I+sT,) 


Tp = R, C, 

T, T3= Ry RAC, Ca 

i 1, 9R,C,+R,Co+R,C, 
T3< T< Ty 


— sC,(1+sT,) 


(1+s T, )(1+sT,) 


Tz =Ra Co 
Ty T3=Ry RoC, Co 
T, + T,=R,CHRACTR, C, 


T3< T5< qT, 


Vi-14 RC CIRCUIT CHARACTERISTICS 


FOUR-ELEMENT NETWORKS 


Open circuit 
Network voltage gain 


} RRL C, 
R,+R, 
TZ=R, RoC, C, 
T, +1, =R,C+R,C,tR,C, 
a tot, 


iD R,(C,+ C,) 
Ty T3=Ry RAC, C, 
FOL * Re RC aR AC, 


T; < T3< T 


Short circuit 
transfer admittance 


Ay=I5/Vj 


-(1 +s 7, (i+sT,) 
(R,+R,) (1+ sT,) 


= (1487) (+875) 


Ril+sT,) 


To=(Ry+Ro)Co 
Ty T3=Ry Ral, Co 
T,H3=R, C,+ RoC otR, c 


RoC, Cp 
Bae Lo. 


T, T3= Ry RoCyCn 


RC CIRCUIT CHARACTERISTICS —-VI-15 


FOUR-ELEMENT NETWORKS 


Open circuit Short circuit 
voltage gain transfer admittance 


Ayelo/V; 


- sC,(1+sT,) 
(1- sT) (1+sT3) 


2 


—s(C,+C,)(I+8T,) 


(I+sT, )(I1+sT,) 


q, +T3* R,C,+RC+R,C, 


T3< T3< q, 


VI-16 RC CIRCUIT CHARACTERISTICS 


FOUR-ELEMENT NETWORKS 


Open circuit 
Network voltage gain 


Avn= Vo /V4 


T, =(Ri+R,)C 
Tp =(Ro+R,/2 )C 
Tz =RoC 


C,(1+sT,) 


(C,+ C,) ({+sT,) 


Short circuit 
transfer admittance 


Ay =1L/V; 


—(1+sT3) 
2R,(1+sT,) 


-sC4 (14+8T,) 


(2C,+C,) (1+ sT,) 


RC CIRCUIT CHARACTERISTICS _VI-17 


FOUR ELEMENT NETWORKS 


Open circuit 
voltage gain 


Ae TV) 


Short circuit 
Network 


transfer admittance 


Ay =1L/V, 


= sC,(itsT, ) 
(1+ sT,)(1+sT.) 


Ty =(Ry+Rp)C2 

Tz = RoC 

Tg = RoC 

Ts T5= Ry RAC,Co 

13 +T, = R, C,+ RoCa+ RCo 
T2< 7; 

I, < Gq < Tz; 


(1+sT,)(4+sT,) 


2 
s T, T+ s (1, + To + Tz) +1 


VI-18 RC CIRCUIT CHARACTERISTICS 


FOUR-ELEMENT NETWORKS 


Open circuit Short circuit 
Network voltage gain transfer admittance 


Ayn = V2 /V4 Ay =I IN; 
2 


Wee 
s“/R, 


s*+s (w, /A +w* 


4 
Ry RoC, Co 
1/ wy 
(Ry+R,) C,+ Ro Co 
T,=(RFRAIC, 
2A 


Tp, T32 ———4- = > 
ee we fw, 1 4an ye 


CAC -s/R,RoCo 


C, R, R, Ig 
\; res patel ee ae 
1+s1, 
a oh s* + s(w, A+ ws 
rian ae 


; Ry RoC,Ca 
1/W, 
(Ry+ Ra) Cy+R Co 
RiCiCa 
Bits teee Co 
2A 


(Pees eared 
2's Ww, tw,(1-4A ) V2 


RC CIRCUIT CHARACTERISTICS VI-19 


FOUR-ELEMENT NETWORKS 


a Ro 


Open circuit Short circuit 
voltage gain transfer admittance 
Ayvn=Ve2 IN, At =lo/V; 


~sC, 
(1+sT, \(1+sT, ) 


(14sT,)(1+sT,) 


T, To=Ry RAC, Cy 


Ft = Ry Cy+R,Co+R, C, 


Vi-20 RC CIRCUIT CHARACTERISTICS 


FOUR-ELEMENT NETWORKS 


Open circuit Short circuit 
Network voltage gain transfer admittance 


Ayn=V2/V4 Ay =Io/V, 


sRoC, 


(1+sT, ) (1+sT,) 


Ro(1+sT,) 


(R,+R,) (1+sT, ) 


C R 


1 2 
2 


C,+C, R, +R, 


y, or TS R, C, 
T, or 7) 
i R, Ro (C,+ C,) 


Ry+ Ro 
T3=R, Cy 


RC CIRCUIT CHARACTERISTICS  VI-21 


FOUR ELEMENT NETWORKS 


Open circuit Short circuit 
Network voltage gain transfer admittance 


Ayn=V2 IN, Ay =I5/V4 


-sR,C (1+) 
(R,+RV+ sT,) 


Vi-22. RC CIRCUIT CHARACTERISTICS 


FOUR-ELEMENT NETWORKS 


Open-circuit Short- circuit 
voltage gain transfer admittance 


Avn= Vo IN, At =Ip/V, 


Network 


{+sT, 
(Ry+Ro+ R3)(1+sT> ) (Ry + Ro) ( {+sT3 ) 


Ty =RoC 
RA(R, +R )C 
R,y+R5+R3 
R, RC 
R,+Ry 


(R, R3\Il+sT,) 


(Ry+ Ro + R,\I+sT) 


Ro(Ry+R3)C 
Ry + Ro+R, 
RR3C 


2 
Ro+ R3 


RC CIRCUIT CHARACTERISTICS  VI-23 


FOUR-ELEMENT NETWORKS 


Open circuit Short circuit 
Network voltage gain transfer admittance 


Avn=V2 IN, Ay =1/V; 


R,(1+sT, ) 


(R,+R,) (1+sT, ) 


RAIIR, 

R+R,IIR 

(R,Ro+R,R+R,, R, )C Dae 
D2 eh Set 


R,+ R, 


R({+sT, ) i+sT, 


(R,+R, (l+sT, ) " R,(t+sT, ) 


R3 
T, =(R,+R, IC RR, 
(R,Ro+R RatR, Rz)C ne 
R, +R, 


q2 


VI-24 =RC CIRCUIT CHARACTERISTICS 


FOUR-—ELEMENT NETWORKS 


Open circuit Short circuit 
voltage gain transfer admittance 
Av, 2¥o Ms Ay=b7; 


2] 
oO 


(s+2.618Wo) (s+0.382wWo) 


“1 
(R,+R, (1457) 


Wo-* RC 
R= R,=R, 
Cc =C,=C, 
T,=R,(C,+C,) 


Ac-dc converter, 16-5 
Active inductorless filters: 
bandpass, 12-1 to 12-12 
bandstop, 13-1 to 13-8 
high-pass, 11-1 to 11-10 
low-pass, 10-1 to 10-12 
Active RC filters: 
bandpass, 12-1 to 12-12 
bandstop, 13-1 to 13-8 
high-pass, 11-1 to 11-10 
low-pass, 10-1 to 10-12 
Active resonator, 12-1, 12-7 
A/D (analog-to-digital) converter, 6-1 to 
6-8 
ADC (analog-to-digital converter), 6-1 
to 6-8 
Adder (see Amplifiers, summing) 
Adding/substracting amplifier (see 
Amplifiers, summing) 
Adjustable lead/lag circuits, 26-3 to 26-5 
Admittance: 
input, 2-23 
output, 2-23 
transfer, 2-23 
All-pass circuit, 26-1, 26-3 
AM demodulator, synchronous, 7-1 to 
7-4 
AM detector, precision, 16-5 
AM modulator, 18-1 to 18-7 
Amplifiers, 4-1 to 4-21 
ac-coupled, 4-17 to 4-18 
active bandpass, 12-1 to 12-12 
antilog, 17-8 to 17-12 
capacitive transducer (see charge- 
sensitive below) 
capacitor-coupled (see ac-coupled 
above) 
charge-sensitive, 4-18 to 4-20 
current, 1-4, 4-12 to 4-14 
data, 9-1 
dc-isolated (see ac-coupled above) 
differential, 1-2, 9-1 to 9-10 
inside op amp, 1-26 to 1-27 


Index 


Amplifiers (Cont.): 
differentiating, 15-1 
error, 9-1 
gated, 18-7 
instrumentation, 9-8 to 9-10 
integrating, 15-9 
inverting, 1-2, 1-12 to 1-13, 2-1 to 2-2, 
4-1 to 4-10 
level-shifting, 1-27 
limited, 16-1 
linear, 1-5 
log, 17-1 
logarithmic, 17-1 
noninverting, 1-2, 1-14, 2-2, 2-3, 4-10 
to 4-12 
nonlinear, 1-5 
output-power, inside op amp, 1-27 
photodiode (see transresistance below) 
summing, 1-3, 4-20 to 4-21 
switching-mode, 18-9 
transadmittance (see transconductance 
below) 
transconductance, 1-3, 4-16 to 4-17, 
24-17, 24-19 
transducer, 9-1 
transimpedance (see transresistance 
below) 
transresistance, 4-14 to 4-15 
two-state, 18-9 
voltage-controlled, 19-1 
voltage-to-current, 24-17, 24-19 
Amplitude leveler, 16-1 
Amplitude limiter, 16-1 to 16-4 
Amplitude modulator, 18-1 to 18-7 
Analog commutator, 25-1, 25-4 
Analog compressor, 17-1 
Analog divider, 19-6 
Analog gate, 18-7, 25-1, 25-4 
Analog integrator, 15-9 
Analog multiplexer, 25-1, 25-4 
Analog multiplier, 19-6 
Analog switch, 25-1, 25-4 
Analog timer, 26-5 to 26-8 


2 INDEX 


Analog-to-digital converter, 6-1 to 6-8 
Antilog converter, 17-8 

Antilogarithmic amplifier, 17-8 to 17-12 
Astable multivibrator, 20-1 to 20-4 


Bandpass filter: 
multiple-feedback, 12-1 to 12-7 
state-variable, 12-7 to 12-12 
Bandstop filter: 
active inductor, 13-1 to 13-4 
twin-tee, 13-4 to 13-8 
Bandwidth, 1-10, 2-16, 3-31, I-1 
Bandwidth/power booster, op amp, 23-1 
to 23-6 
Basic rules of op amp circuit design, 
2-1 
Bessel filter: 
high-pass, 11-1 to 11-11 
low-pass, 10-1 to 10-12 
Binary counter, 20-4 
Bipolar flip-flop, 20-4 
Biquadratic filter, 12-7 
Bistable multivibrator, 20-4 
Bode approximation, 1-22 to 1-23 
Buck regulator, 24-15 
Buffer, op amp, 23-1, 23-7 
Bufferred zener source, 24-1 
Butterworth filter: 
high-pass, 11-1 to 11-11 
low-pass, 10-1 to 10-12 
Bypassing/grounding problems, 3-26, 
III-4 to III-5 


Capacitance: 
input, 3-7, 3-24 to 3-25, I-1 
stray, effect on feedback stability, 3-26 
Capacitive transducer amplifier, 4-18 
Capacitor-coupled amplifier, 4-17 
Capacitor multiplier, 22-1 to 22-3 
Charge-sensitive amplifier, 4-18 to 4-20 
Charge-to-voltage converter, 4-18 
Chebyshev filter: 
high-pass, 11-1 to 11-11 
low-pass, 10-1 to 10-12 
Circuit fabrication techniques, III-1 to 
III-7 
Closed-loop gain, general method to 
compute, 2-21 to 2-25 


CMR (common-mode rejection), 9-2 to 9-3 


CMRR (see Common-mode rejection 
ratio) 
Common-mode gain, 2-19 to 2-20, 9-1 to 
9-10 
circuit, 9-2 to 9-10 
op amp, 9-2 to 9-10 
and circuit, 9-1 to 9-4 
Common-mode rejection, 9-2 to 9-3 


Common-mode rejection ratio; op amp, 
2-18 to 2-21, 9-2 to 9-10, I-1 
and circuit, 9-3 to 9-7 
Commutator, analog, 25-1, 25-4 
Comparators, 1-5, 5-1 
frequency, 14-6 
latching, 5-5, 5-11 
regenerative, 5-5, 5-11 
zero-crossing, 5-1, 5-5 
Compensation: 
data sheet recommendation, 3-19 
effect on slew rate, 2-17 to 2-18 
lag, 3-11 to 3-13 
lead, 3-13 to 3-15, 3-30 to 3-31 
lead-lag, 3-15 to 3-18, 3-32 to 3-35 
Complementary transistor op amp 
booster, 23-1, 23-7 
Converters: 
ac-de, 16-5 
analog-to-digital, 6-1 to 6-8 
antilog, 17-8 
capacitance-to-inductance, 22-3 
charge-to-voltage, 4-18 
current-to-current, 4-12 
current-to-voltage, 4-14 
digital-to-analog, 6-8 to 6-10 
exponential, 17-8 
logarithmic, 17-1 
phase-to-dc, 8-4 
voltage-to-current, 24-17, 24-19 
voltage-to-frequency, 21-5 
voltage-to-pulse width, 18-9 
Counter, binary, 20-4 
Current: 
input bias, 1-11, 2-5, I-1 
input offset, 1-11, 2-8, I-1 
Current regulator: 
floating-load, 24-17 to 24-19 
grounded-load, 24-19 to 24-21 
Current sink, 24-17 
Current source: 
controlled, 24-17 
(See also Amplifiers, 
transconductance) 
Current-to-current converter (see 
Amplifiers, current) 
Current-to-voltage converter (see 
Amplifiers, transresistance) 


D/A (digital-to-analog) converter, 6-8 to 
6-10 

DAC (digital-to-analog converter), 6-8 
to 6-10 

Damping factor, 10-2 to 10-7, 11-3 to 11-6 

Data amplifier, 9-1 

Data compressor, 17-1 

Data expander, 17-8 

Dc-isolated amplifier (see Amplifiers, 
ac-coupled) 


Decibels, calculations using, 1-21, V-1 
to V-3 
Demodulators: 
AM, 7-1, 16-5 
FM, 7-4 to 7-8 
phase-sensitive, 7-1 
suppressed-carrier, 7-1 
synchronous AM, 7-1 to 7-4 
Design equations: 
adjustable lead/lag circuits, 26-5 
amplifier: ac-coupled, 4-18 
charge-sensitive, 4-20 
current, 4-13 
inverting, 4-3 to 4-4 
noninverting, 4-11 to 4-12 
summing, 4-21] 
transconductance, 4-17 
transresistance, 4-15 
amplitude limiter, 16-4 
amplitude modulator, 18-4 
analog timer, 26-7 
antilog amplifier, 17-10 to 17-11 
astable multivibrator, 20-3 to 20-4 
bandpass filter: multiple-feedback, 
12-3 
state-variable, 12-9 
bandstop filter: active. inductor, 13-3 
twin-tee, 13-6 to 13-7 
bistable multivibrator, 20-6 
capacitance multipler, 22-3 
converter: analog-to-digital, 6-5 
digital-to-analog, 6-10 
current-limited voltage regulator, 24-4 
to 24-5 
demodulator: FM, 7-7 
synchronous AM, 7-4 
detector: level, 5-11 
with hysteresis, 5-15 
peak, 8-3 
phase, 8-6 to 8-7 
zero-crossing, 5-5 
with hysteresis, 5-8 
differential amplifier, 9-4 
differentiator, 15-4 to 15-5 
discriminator, pulse-width, 7-10 to 7-11 
dual voltage regulator, 24-14 
FET-controlled multiplier, 19-3 to 19-4 
FET multiplexer, 25-4 
floating-load current regulator, 24-18 
to 24-19 
frequency-difference detector, 14-8 to 
14-9 
frequency doubler, 14-3 to 14-4 
grounded-load current regulator, 24-21 
half-wave rectifier, 16-7 to 16-8 
high-pass filter: second-order, 11-3 to 
11-4 
third-order, 11-8 
high-voltage regulator, 24-10 to 24-11 
inductance simulator, 22-6 


INDEX 3 


Design equations (Cont.): 


integrator, 15-11 to 15-12 

log-antilog multiplier/divider, 19-9 to 
19-10 

logarithmic amplifier, 17-4 to 17-6 

low-pass filter: second-order, 10-4 to 
10-5 

third-order, 10-10 

monostable multivibrator, 20-8 to 20-9 

op amp bandwidth/power booster, 23-5 

op amp output-voltage booster, 23-10 

phase lead/lag circuit, 26-3 

precision gate multiplexer, 25-6 

precision voltage reference, 24-13 

pulse-amplitude modulator 18-8 to 
18-9 

pulse-width modulator, 18-12 to 18-13 

sample-and-hold circuit, 25-8 

shunt voltage regulator, 24-12 

sine-wave oscillator, 21-3 

switching voltage regulator, 24-16 to 
24-17 

voltage-controlled oscillator, 21-8 

voltage ramp generator, 27-3 to 27-4 

voltage staircase generator, 27-11 

voltage triangle generator, 27-6 to 27-7 


Design examples: 


amplifier, inverting, 4-5 to 4-10 
gain of 10, 3-27 to 3-31 
wide-bandwidth, 3-31 to 3-35 
amplitude modulator, 18-5 to 18-7 
analog timer, 26-8 
antilog amplifier, 17-11 to 17-12 
bandpass filter: multiple-feedback, 
12-5 to 12-7 
state-variable, 12-10 to 12-12 
bandstop filter: active inductor, 13-4 
twin-tee, 13-7 to 13-8 
converter, analog-to-digital, 6-6 to 6-7 
current-limited voltage regulator, 24-6 
to 24-9 
detector: level, with hysteresis, 5-16 
to 5-18 
phase, 8-9 to 8-11 
differential amplifier, 9-6 to 9-8 
differentiator, 15-7 to 15-8 
discriminator, pulse-width, 7-14 to 7-16 
FET-controlled multiplier, 19-4 to 
19-6 
frequency-difference detector, 14-10 
to 14-11 
frequency doubler, 14-5 
half-wave rectifier, 16-10 to 16-12 
high-pass filter: second-order, 11-5 to 
11-6 
third-order, 11-9 to 11-10 
inductance simulator, 22-7 to 22-8 
log-antilog multiplier/divider, 19-10 
to 19-11 
logarithmic amplifier, 17-6 to 17-8 


INDEX 


Design examples (Cont.): 
low-pass filter: 
second-order, 10-6 to 10-7 
third-order, 10-11 
monostable multivibrator, 20-12 to 
20-13 
op amp bandwidth/power booster, 
23-5 to 23-6 
pulse-width modulator, 18-13 to 
18-14 
sample-and-hold circuit, 25-9 to 25-10 
sine-wave oscillator, 21-4 to 21-5 
voltage-controlled oscillator, 21-9 to 
21-10 
voltage triangle generator, 27-7 to 27-8 
Design parameters: 
adjustable lead/lag circuits, 26-3 
amplifier: current, 4-14 
inverting, 4-2 to 4-3 
transconductance, 4-16 
transresistance, 4-15 
amplitude limiter, 16-3 
amplitude modulator, 18-3 
analog timer, 26-6 to 26-7 
antilog amplifier, 17-10 
astable multivibrator, 20-2 
bandpass filter: multiple-feedback, 
12-2 to 12-3 
state-variable, 12-8 to 12-9 
bandstop filter: active inductor, 13-3 
twin-tee, 13-6 
bistable multivibrator, 20-6 
capacitance multiplier, 22-2 
converter: analog-to-digital, 6-4 
digital-to-analog, 6-9 to 6-10 
current-limited voltage regulator, 24-3 
to 24-4 
demodulator, FM, 7-7 
detector: level, 5-10 to 5-11 
with hysteresis, 5-13 to 5-14 
peak, 8-3 
phase, 8-5 to 8-6 
zero-crossing, 5-4 
with hysteresis, 5-7 to 5-8 
differential amplifier, 9-3 
differentiator, 15-3 
discriminator, pulse-width, 7-10 
FET-controlled multiplier, 19-3 
FET multiplexer, 25-3 
floating-load current regulator, 24-18 
frequency-difference detector, 14-8 
frequency doubler, 14-3 
grounded-load current regulator, 24-20 
half-wave rectifier, 16-7 
high-pass filter: second-order, 11-3 
third-order, 11-8 
inductance simulator, 22-6 
integrator, 15-11 
log-antilog multiplier/divider, 19-8 to 
19-9 
logarithmic amplifier, 17-4 


Design parameters (Cont.): 


low-pass filter: second-order, 10-4 
third-order, 10-10 

monostable multivibrator, 20-7 to 20-8 

op amp bandwidth/power booster, 
23-3 to 23-4 

op amp output-voltage booster, 23-9 
to 23-10 

phase lead/lag circuit, 26-2 to 26-3 

precision gate multiplexer, 25-5 to 
25-6 

pulse-amplitude modulator, 18-7 to 
18-8 

pulse-width modulator, 18-12 

sample-and-hold circuit, 25-8 

sine-wave oscillator, 21-2 to 21-3 

voltage-controlled oscillator, 21-7 

voltage ramp generator, 27-2 
to 27-3 

voltage staircase generator, 27-10 

voltage triangle generator, 27-5 to 27-6 


Design procedure and steps: 


amplifier, inverting, 4-4 to 4-5 
amplitude modulator, 18-4 to 18-5 
analog timer, 26-7 to 26-8 
antilog amplifier, 17-11 
bandpass filter: multiple-feedback, 
12-4 to 12-5 
state-variable, 12-10 
bandstop filter: active inductor, 13-3 
to 13-4 
twin-tee, 13-7 
converter, analog-to-digital, 6-5 to 6-6 
current-limited voltage regulator, 24-5 
to 24-6 
detector: level, with hysteresis, 5-15 
to 5-16 
phase, 8-7 to 8-9 
differential amplifier, 9-4 to 9-6 
differentiator, 15-6 to 15-7 
discriminator, pulse-width, 7-11 to 
7-14 
FET-controlled multiplier, 19-4 
frequency-difference detector, 14-9 to 
14-10 
frequency doubler, 14-4 to 14-5 
half-wave rectifier, 16-8 to 16-10 
high-pass filter: second-order, 11-4 to 
11-5 
third-order, 11-8 to 11-9 
inductance simulator, 22-6 to 22-7 
log-antilog multiplier/divider, 19-10 
logarithmic amplifier, 17-6 
low-pass filter: second-order, 10-5 to 
10-6 
third-order, 10-10 to 10-11 
monostable multivibrator, 20-9 to 20-12 
op amp bandwidth/power booster, 
23-5 
pulse-width modulator, 18-13 
sample-and-hold circuit, 25-8 to 25-9 


Design procedure and steps (Cont.): 
sine-wave oscillator, 21-3 to 21-4 
voltage-controlled oscillator, 21-8 to 

21-9 
voltage triangle generator, 27-7 
Detectors: 
FM, 7-4 
frequency-difference, 14-6 to 14-11 
level: inverting, 5-9 to 5-11 
with hysteresis, 5-11 to 5-18 
noninverting, 5-10 to 5-11 
with hysteresis, 5-13 to 5-15 
peak, 8-1 to 8-3 
phase, 8-4 to 8-11 
phase-error, 8-4 
phase-sensitive, 7-1 
phase-shift, 8-4 
positive-peak, 8-1 to 8-3 
pulse-width, 7-8 
zero-crossing: inverting, 5-1 to 5-5 
with hysteresis, 5-5 to 5-8 
noninverting, 5-3 to 5-5 
with hysteresis, 5-6 to 5-8 


Design steps (see Design procedure and 


steps) 

Difference amplifier, 9-1 
Differential amplifier: 

inside op amp, 1-25 to 1-27 

linear, 9-1 to 9-10 

logarithmic, 17-1 
Differential gain, 9-1 to 9-10 
Differentiating amplifier, 15-1 
Differentiator, 1-3, 15-1 to 15-8 
Digital-to-analog converter, 6-8 to 6-10 
Discriminators: 

AM, 7-1, 16-5 

FM, 7-4, 14-6 

pulse-width, 7-8 to 7-16 
Dividers: 

analog, 19-6 

(See also Multiplier/divider) 
Doubler, frequency, 14-1 
Dual power supply, 24-13 to 24-14 
Dual-slope A/D converter, 6-1 


Error amplifier, 9-1 

Enrors, operational amplifier, 2-3 to 2-21 
Exponential amplifier, 17-8 
Exponential converter, 17-8 


Feedback: 
design examples, 3-27 to 3-35 
positive and negative, 3-2, 3-3 
Feedback equation, 1-17 to 1-19, 3-5 
Feedback instability, seven causes of, 
3-1, 3-18 to 3-27 
Feedback limiter, 16-1 
Feedback network, transfer admittance, 
2-22 to 2-25 


INDEX 


Feedback network calculations, 3-6 to 
3-9, 3-24 to 3-25 


Feedback stability: 


first-cut analysis, 3-3 
graphical analysis, 3-4, 3-20 


Feedback-stability-design examples, 


3-27 to 3-35 


Feedback-stability measurements (see 


Measurements, feedback-stability) 
Feedback theory, 3-1 to 3-18 


FET-controlled multiplier, 19-1 to 19-6 
FET multiplexer, 25-1 to 25-4 
Field-effect transistor (see FET- 


controlled multiplier; FET 
multiplexer) 
Filters: 
bandpass: multiple-feedback, 12-1 to 
12-7 
state-variable, 12-7 to 12-12 
bandstop: active inductor, 13-1 to 13-4 
twin-tee, 13-4 to 13-8 
high-pass: second-order, 11-1 to 11-6 
third-order, 11-7 to 11-10 
low-pass: second-order, 10-1 to 10-7 
third-order, 10-8 to 10-11 
First-derivative circuit, 15-1 
Flip-flop, 20-4 
Floating-load current regulator, 24-17 
to 24-19 


FM demodulator, 7-4 to 7-8 


FM detector, 7-4 


Follower, voltage (see Amplifiers, 


noninverting) 


Frequency comparator, 14-6 
Frequency-difference detector, 14-6 to 


14-11 
Frequency discriminator, 7-4, 14-6 
Frequency doubler, 14-1 to 14-5 
Frequency meter, 7-4 
Frequency multiplier, 14-1 


Gain: 

closed-loop, how to compute, 2-21 

common-mode, 2-19 to 2-20, 9-1 to 
9-10 

effect of input resistance on, 1-16 

effect of open-loop gain on, 1-14 to 
1-15 

effect of output resistance on, 1-17 

loop (see Loop gain and phase) 

minimum stable closed-loop, 3-21 to 
3-22 


Gain margin, 3-10 to 3-38 
Gated amplifier, 18-7 
Generators: 


pulse, 20-7, 21-5 
ramp, 27-1 to 27-4 
rectangular, 20-1 
sawtooth, 27-1 
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Generators (Cont.): 

sine-wave, 21-1 

square-wave, 20-1 

staircase, 27-8 

step, 27-8 

triangle, 27-4 

triggered pulse, 20-7 

voltage-controlled, 21-5 
Grounding/bypassing problems, 3-26, 

IlI-4 to III-5 


Half-wave rectifier, 16-5 to 16-12 
Harmonic generator, 14-1 
Heterodyne circuit, 14-6 
High-pass filter: 

differentiator, 15-1 

second-order, 11-1 to 11-6 

third-order, 11-7 to 11-10 
High-voltage op amp booster, 23-7 
High-voltage regulator, 24-9 to 24-11] 
Hum-reduction circuit, 13-1, 13-4 
Hysteresis: 

in level detector, 5-12 

in zero-crossing detector, 5-5 


Ideal diode (half-wave rectifier), 16-5 
Impedance transformer (see Amplifiers, 
current) 
Inductance simulator, 22-3 to 22-8 
Inductorless bandpass filter, 12-1, 12-7 
Inductorless bandstop filter, 13-1, 13-4 
Inductorless high-pass filter, 11-1, 11-7 
Inductorless low-pass filter, 10-1, 10-8 
Instability, feedback, seven causes of, 
3-1, 3-18 to 3-27 
Instrumentation amplifier: 
high-quality, 9-8 to 9-10 
low-cost, 9-1 
Integral amplifier, 15-9 
Integrating amplifier, 15-9 
Integrator, 1-3, 15-9 to 15-12 
Interval timer, 26-5 
Inverse log amplifier, 17-8 
Inverter (see Amplifiers, inverting) 


Lag circuit, 26-1, 26-3 

Large-signal behavior of op amps, 1-19 
to 1-20 

Latch, bilevel, 20-4 

Lead circuit, 26-1, 26-3 

Lead/lag circuit, 26-1, 26-3 

Level detector (see Detectors, level) 

Limited amplifier, 16-1 | 

Limiter, amplitude, 16-1 to 16-4 

Linear amplitude modulator, 18-1 

Linear modulator, 18-1, 18-7 

Linear multiplier, 19-1 

Load, capacitive, effect on stability, 3-22 
to 3-24 


Lock-in amplifier, 7-1 
Logarithmic amplifier, 1-6, 17-1 to 17-8 
Logarithms, 1-21, 17-1 
Log ratio circuit, 17-1 
Log subtracting circuit, 17-1 
Loop gain and phase, 1-24 to 1-26, 3-3 
to 3-11 
with lag compensation, 3-11 to 3-13 
with lead compensation, 3-13 to 3-15 
with lead/lag compensation, 3-15 to 
3-18 
Low-pass filter: 
integrator, 15-9 
second-order, 10-1 
third-order, 10-8 


Margin: 
gain, 3-10 to 3-38 
phase, 1-25, 3-10 to 3-38 
Maximum ratings of op amps, II-1 
Measurements, feedback-stability: 
closed-loop ac method, 3-37 to 
3-38 
loop-gain method, 3-35 to 3-36 
transient-response method, 3-38 
Memory, one-bit, 20-4 
Modulators: 
AM, 18-1 to 18-7 
FM, 21-5 
linear amplitude, 18-1 
pulse-amplitude, 18-7 to 18-9 
pulse-duration, 18-9 
pulse-width, 18-9 to 18-14 
Monostable multivibrator, 20-7 to 20-13 
Multiple-feedback bandpass filter, 12-1 
to 12-7 
Multiplexer: 
analog, 18-7, 25-1 
FET (CMOS), 25-1 to 25-4 
precision gate, 25-4 to 25-6 
single-channel, 18-7 
Multiplier/divider: 
log-antilog, 19-6 to 19-11 
single-quadrant, 19-6 
Multipliers: 
analog, 19-1, 19-6 
capacitor, 22-1 to 22-3 
FET-controlled, 19-1 to 19-6 
linear, 19-1 
Multivibrators, 1-6 
astable, 20-1 to 20-4 
bistable, 20-4 to 20-6 
monostable, 20-7 to 20-13 
MUX (see Multiplexer) 


Noise: 
input current, 2-9, I-2 
input voltage, 2-9, I-2 
Noise prevention techniques, III-3 to 
Ill-6 


Notation, IV-1 to IV-3 
Notch filter, 13-1, 13-4 


One-shot, 20-7 
Operational amplifiers: 
applications, 1-5 
bandwidth, 1-10, 1-12, 1-15, 2-16, I-1 
closed-loop, 2-16 
full-power, 2-16 to 2-17, I-1 
unity-gain, 2-16, I-1 
bandwidth/power booster, 23-1 to 23-6 
circuits inside, 1-25 to 1-28 
closed-loop characteristics, 1-23 to 1-24 
common-mode gain, 2-19 to 2-20, 9-1 
to 9-10 
common-mode rejection ratio, 2-18 to 
2-21, 9-2 to 9-10, I-1 
differential gain, 2-19, I-1 
equivalent input noise, 2-9 to 2-12, I-2 
errors, minimizing, 2-3 to 2-21 
full-power output, 2-16 
input bias current, 1-11, 2-5 to 2-7, I-1 
input capacitance, 2-12 to 2-13, I-1 
input offset current, 1-11, 2-8 to 2-9, 


I-1 

input offset voltage, 1-11, 2-3 to 2-6, 
I-1 

input resistance, 1-11, 1-12, 1-16, 2-12, 
[-2 


large-signal behavior, 1-19 to 1-20, 5-3 

maximum ratings, II-1 

narrow-band spot-noise, 2-11, I-2 

noise-figure, 2-11 

open-loop characteristics, 1-21 

output resistance, 1-12, 1-17, 2-13, 
2-14, I-2 

ouptut voltage booster, 23-7 to 23-10 

packaging, 1-8 to 1-10 

parameters, 1-4, I-1 to I-2 

phase-shift, open-loop, 1-20 to 1-22 

power-supply rejection ratio, 2-21, I-2 

protection circuits, III-1 to III-3 

real versus ideal, 1-14 

rise time, 2-16, I-2 

slew rate, 1-11, 2-17 to 2-18, I-2 

symbol, illustrated, 1-1, 1-4 

voltage gain, 1-9, 1-12, 1-14, 1-21, 2-14 
to 2-16, I-1 

Oscillators, 1-7 

sine-wave, 21-1 

staircase, 27-8 

sweep, free-running, 27-1 

voltage-controlled, 21-5 to 21-10 


Packaging, op amp, 1-8 
discrete parts, 1-10 
dual in-line, illustrated, 1-10 
flat package, illustrated, 1-10 
TO-99 package, illustrated, 1-8 
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PAM (see Pulse-amplitude modulator) 
Parallel regulator, 24-11 
Parameters, op amp, 1-9 to 1-11, I-1 to 
I-2 
Parasitic suppressor, 13-1, 13-4 
Passive devices, III-6 
Peak detector, 8-1 to 8-3 
Peak-signal tracker, 8-1 
Phase detector, 8-4 to 8-11 
Phase-difference detector, 8-4 
Phase-error detector, 8-4 
Phase inverter (see Amplifiers, inverting) 
Phase lag circuit, 26-1 
Phase lead circuit, 26-1 
Phase lead/lag circuit, 26-1 to 26-3 
Phase margin, 1-25, 3-10 to 3-38 
Phase-sensitive demodulator, 7-1 
Phase-shift detector, 8-4 
Phase-shift oscillator, 21-1 
Phase-to-dc converter, 8-4 
Photodiode amplifier (see Amplifiers, 
transresistance) 
Polarity selector, 16-5 
Pole, gain and phase of, 1-22 
Pole locations in s plane: 
high-pass filter, second-order, 11-2 to 
11-4 
low-pass filter: second-order, 10-2 to 
10-4 
third-order, 10-9 
Positive peak detector, 8-1 
Power booster, op amp, 23-1, 23-7 
Power supply: 
bypass caps for, 3-26 to 3-27 
voltage-regulated, 24-1 
Power-supply rejection ratio, 2-21, I-2 
Precision gate multiplexer, 25-4 
Precision half-wave rectifier, 16-5 to 
16-12 
Precision limiter, 16-1 
Precision voltage supply, 24-1, 24-13 
PSRR (see Power-supply rejection ratio) 
Pulse-amplitude modulator, 18-7 to 18-9 
Pulse catcher, 7-8 
Pulse-counting FM demodulator, 7-4 
Pulse-duration modulator, 18-9 
Pulse generator: 
triggered, 20-7 
voltage-controlled, 21-5 
Pulse-height modulator, 18-7 
Pulse-width demodulator, 7-8 
Pulse-width detector, 7-8 
Pulse-width discriminator, 7-8 to 7-16 
Pulse-width modulator, 18-9 to 18-14 
Push-pull buffer, op amp, 23-1, 23-7 
PWM (see Pulse-width modulator) 


QO of filter: 
high-pass, 11-3 
low-pass, 10-2 to 10-4 
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Ramp generator, voltage, 27-1 to 27-4 
RC circuit characteristics, VI-1 to VI-24 
RC timer, 26-5 
Rectangular-waveform generator, 20-1 
Rectifier, precision half-wave, 16-5 
Reference, precision voltage, 24-1, 24-13 
Regulators, 1-7 

current: floating-load, 24-17 to 24-19 

grounded-load, 24-19 to 24-21 

dual voltage, 24-13 

high-voltage, 24-9 to 24-11 

shunt, voltage, 24-11 to 24-12 

switching, voltage, 24-15 

tracking, dual, 24-13 

voltage, current-limited, 24-1 
Resistance, op amp input, 1-11, 2-12, I-2 
Resistor-capacitor timer, 26-5 
Resonator, active, 12-1 
Rise time, 1-11, I-2 
Rules, basic for op amp circuit design, 

2-1 


Sample-and-hold circuit, 25-6 to 25-10 
Sampling circuit, 1-8, 18-7, 25-1, 25-4 
Sampling gate, 18-7, 25-1, 25-4 
Sawtooth generator, 27-1 
Schmitt trigger (see Detectors, level: 
zero-crossing) 
Second-order filter: 
high-pass, 11-1 to 11-6 
low-pass, 10-1 to 10-7 
S/H (sample-and-hold) circuit, 25-6 to 
25-10 
Shielding/guarding, III-5 to III-6 
Short-circuit-proof voltage regulator, 
24-1 
Shunt regulator, 24-11 
Simulator: 
capacitor, 22-1 
inductor, 22-3 to 22-8 
Sine-wave oscillator, 21-1 
Single-shot, 20-7 
Slew rate, 1-11, 2-17, I-2 
Slew-rate booster, 23-1 
Source, current, 4-16 to 4-17, 24-17 to 
24-2] 
Square-wave generator, 20-1 
Stability analysis, first-cut, 3-3 
Staircase generator, 27-8 
State-variable bandpass filter, 12-7 to 
12-12 
Step generator, 27-8 
Suppressed-carrier AM demodulator, 7-1 
Sweep generator, 27-1 
Switching-mode amplifier, 18-9 
Switching voltage regulator, 24-15 to 
24-17 
Synchronous detector, 7-1 
Synchronous switching demodulator, 7-1 


Third-order filter: 
high-pass, 11-7 to 11-10 
low-pass, 10-8 to 10-11 
Time-averaging FM demodulator, 7-4 
Timer, 26-5 to 26-8 
Tracking regulator, 24-13 
Transadmittance amplifier (see 
Amplifiers, transconductance) 
Transfer admittance, 2-23 
Transimpedance amplifier (see 
Transresistance amplifier) 
Transresistance amplifier, 4-14 to 4-15 
Triangle generator, 27-4 
Trigger, Schmitt (see Detectors, level: 
zero-crossing) 
Triggered pulse generator, 20-7 
Twin-tee bandstop filter, 13-4 
Two-state modulator, 18-9 


Unity-gain filter: 
high-pass: second-order, 11-1 to 11-6 
third-order, 11-7 to 11-10 
low-pass: second-order, 10-1 to 10-7 
third-order, 10-8 to 10-11 


VCO (voltage-controlled oscillator), 21-5 
to 21-10 
V/F (voltage-to-frequency) converter, 
21-5 
VFC (voltage-to-frequency converter), 
21-5: 
Voltage, input offset, 1-11, 2-3, I-2 
Voltage-controlled amplifier, 19-1 
Voltage-controlled oscillator, 21-5 to 
21-10 
Voltage follower, 4-10 
Voltage ramp generator, 27-1 to 27-4 
Voltage reference, precision, 24-13 
Voltage regulators: 
current-limited, 24-1 to 24-9 
dual, 24-13 to 24-14 | 
high-voltage, 24-9 to 24-11 
shunt, 24-11 to 24-12 
switching, 24-15 to 24-17 
Voltage source, dual, 24-13 
Voltage staircase generator, 27-8 to 27-11 
Voltage step generator, 27-8 
Voltage-sweep generator, 27-1 to 27-4 
Voltage-to-current converter, 4-16, 24-17, 
24-19 
Voltage-to-frequency converter, 21-5 
Voltage-to-pulse width converter, 18-9 
Voltage triangle generator, 27-4 to 27-8 
Volume compressor, 16-1 


Waveform generator: 
rectangular, 20-1 
sawtooth, 27-1, 27-4 


Waveform generator (Cont.): 
square-wave, 20-1 
staircase, 27-8 
Wien-bridge sine-wave oscillator, 21-1 
to 21-5 


Y parameters: 


in closed-loop gain calculation, 
2-24 
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Y parameters (Cont.): 
how to compute, 2-23 
relation to Z parameters, 2-21 to 2-22 


Zero, gain and phase of, 1-22 to 1-23 

Zero-bound circuit, 16-5 

Zero-crossing comparator, 5-1, 5-5 

Zero-crossing detector (see Detectors, 
zero-crossing) 
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